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ABSTRACT
Gel-precipitated (U, Th) spheres produced at AERE Harwell, were 
investigated to study the development of the structure of the gel spheres 
at various stages of production.. Various parameters including surface 
area, true (matrix) and geometric densities, pdrosity, crystallite size, 
compliance and related properties were investigated. A careful 
examination of whole and cleaved spheres by Scanning Electron Microscope 
was also carried out.
The xerogel spheres were debonded in a tubular furnace in an 
atmosphere of CC^ to remove or decompose the gelling agent (polymer) and 
other volatiles which might be present. The isothermal and constant-rate- 
of-heating (CRH) sintering behaviour of partially and fully debonded 
spheres were studied.
In the latter work the shrinkage data of a bathh of spheres were 
obtained from geometric (Hg) density measurements instead of the 
conventional dilatometric method used for pellets.
The study has shown that ageing and heavy metal composition have a 
substantial influence on the structure of the debonded spheres, the rate 
of sintering, and the microstructure of the sintered products. Ageing 
and increasing amount of thorium generally retards sintering. Partially 
debonded (to 750°C) spheres sinter faster than fully debonded spheres and 
the former also develop larger grains on sintering.
Gel-precipitation is a versatile technique which can be used to 
produce spheres which sinter to > 98% of the theoretical density at a 
comparatively low temperature (T: 1400°C).
Grain-boundary diffusion was found to be the probable dominant material 
transport mechanism in the sintering of (U, 30% Th)02*
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1. Introduction
In the field of nuclear fuel production, pellet fabrication is still 
the standard approach both for thermal and fast reactors ,(l). However, 
special needs of nuclear energy.have called for the development of new 
processes making it possible to prepare controlled density nuclear fuels. 
In the past years ceramic nuclear fuel production from the liquid phase, 
?wet-routeT has been drawing considerable attention, and it is being 
extensively studied and developed in a number of research establishments, 
because the wet-route methods have a number of advantages over the pellet 
fabrication methods, some of which are:
a) Production of nuclear fuel by pellet fabrication involves 
the handling of fine powders. Such powders are not easy 
to handle and also may not flow well; the attendant dust 
makes containment and radiation control more difficult 
according to Lane et al (2). These difficulties are 
eliminated in the wet-route methods.
b) The wet-route is highly versatile and can be used to 
produce a variety of shapes, e.g. spheres, fibres, rods 
etc. The wet-route processes are also finding 
applications in a number of non-nuclear industries 
because of this advantage.
c) Control over parameters like density, porosity, grain 
and sphere size.
d) Homogeneity for mixed oxide nuclear fuels can easily be 
achieved.
The present studies have been concerned with following the effects of 
processing conditions on the characteristics of spherical (U, Th) oxide
fuel particles prepared by using one of these gel processing techniques, 
i.e. gel-precipitation. The gel-precipitation technique is a process 
which has been studied and developed within the United Kingdom Atomic 
Energy Authority (UKAEA) and elsewhere to produce spherical nuclear 
fuels and other industrial oxides. /
In carrying out this work, several different characterisation 
techniques, including surface area measurements, crystallite size 
measurements, porosity analysis, geometric and true density determinations 
and the direct examination of whole and cleaved spheres by the use of 
Scanning/Transmission Electron Microscope (STEM) were used.
All the samples investigated were prepared at AERE, Harwell and 
delivered as dry gels (xerogels). Differences in preparation conditions 
between samples are given by AERE and all other information is provided 
on a 'need to know' basis. Investigations have been carried out on the 
xerogels themselves as well as on the products after heating (debonding) 
in CO2  to various temperatures and on sintered materials.
-  J  -
2• Literature Review
2.1 Gel Processes
A number of processes may be distinguished within the gel 
method. These processes have been developed for the preparation 
of ceramic nuclear materials in spherical -form. Three of these 
processes, (I) sol-gel, (II) hydrolysis (H-process) and (III) gel 
precipitation, will be described in detail.
(I) Sol-Gel Process
Gels prepared from colloidal solution have acquired the 
specific name sol-gel processes. The essential feature of most 
sol-gel processes is that small particles in the range of few 
Angstroms are initially prepared, which thereafter are linked up 
in an oriented way into an open structure which encloses nearly 
all the water initially present (l). The dispersed system of 
particles of colloidal dimensions is called a sol (3). The 
colloidal particles in the sol solution when linked up to form an 
open structure is called a gel. In sols (4) the water is free to 
move and the behaviour is that of a liquid. In gels, however, all 
the liquid is bound to colloidal particles and the system behaves 
as a solid. Sols or gels having water as the liquid component are 
respectively called hydrosols or hydrogels.
Several methods are available for the hydrosol preparation; 
depending on the mechanism of the colloidal particle formation they 
fall into two general categories of ’dispersion’ and 'condensation’ 
(5).
Dispersion is accomplished by splitting coarse aggregates of 
a substance into colloidal units and condensation is achieved by
aggregating very small atoms, ions and small molecules into the 
colloidal particles. The methods of preparing colloidal solutions 
can be illustrated in the following scheme.
Coarse Colloidal Micromolecul
Dispersion
State Condensation Systems
Method Method
Fig. 1
There are four main ways of disintegrating coarse particles or 
aggregates into colloids (3),
1) by mechanical milling or grinding,
2) by irradiation with ultrasonic waves,
3) by electrical dispersion,
4) by chemical means.
The simplest and most usual way to form a sol is to precipitate the 
hydroxide from a salt solution, such that small particles are obtained 
e.g. by pouring the salt solution into concentrated ammonia 
solution. The precipitate is washed and thereafter dispersed or 
peptised■into a sol. Depending on the precipitate, this could be 
a spontaneous dispersion, or it must be provoked with some acid 
at increased temperature (6). The initial sol must be concentrated 
in most cases by evaporation of water (1,5).
Typical condensation methods involving the nucleation and 
growth of particles to the micelle size (aggregates of many small 
molecules or group of atoms held together by secondary valencies, 
i.e. by cohesive or van der Waals forces (3)) include processes 
like, dialysis, ion exchange, solvent extraction and controlled 
neutralisation (5).
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Condensation reaction can be accomplished by pouring a 
micromolecular solution into another liquid in which the solute 
is practically insoluble. This causes a decrease in solubility 
(3) and therefore, the substances are precipitated as small 
particles. '
Sol-gel processes based on the gel supported technique are 
being investigated in many laboratories (6). The gel supported 
technique involves the addition of a gelling agent, usually an 
organic polymer to the feed solution. The gelling agent ensures 
that the shape of the liquid immediately prior to precipitation 
is maintained during the formation of the solid gel and that this 
shape is then maintained throughout the subsequent processing 
stages (7). The gelling agent thus provides a matrix for the 
precipitate (6) . Some suitable materials used as gelling agents 
are (.5,8 ) methocel, dextran, natural gums, polyvinyl alcohol and 
polysaccharides.
Gelation must be carried out once the sol of the right 
concentration has been obtained. Gelation can be either internal 
or external. In the case of microsphere formation, however, the 
sol has to be formed into droplets first using a suitable device 
like a vibrating nozzle.
A characteristic feature of the internal gelation process is 
the fact thht the gelation of the solution of the selected cation 
results from an increase in the pH value in the bulk of the droplets 
of this solution; this increase in the. pH value is reached by the 
help of chemical decomposition of a suitable additive and the 
gelating process is not controlled by mass transfer across a phase
boundary. Elevated temperature is commonly used for accelerating this 
decomposition and the consequent gelation, though gelation may be 
achieved even at room temperature after prolonged reaction time (9). The 
compound or additive usually used to increase the pH in the droplet is 
hexamethylene tetramine (HMTA) variously referred to as urotropine or 
hexamine. At an increase of temperature of about 90°C, the HMTA 
decomposes and ammonia and formaldehyde are released according to the 
following equation (10,11):
(CH0)^ N, + 6H„0 -- ► 4NH0 + 6HC0H
2 6 4 2 J
The formed ammonia leads to the increase in pH of the sol, thereby 
diminishing the surface charge of the particles. The decrease in the 
surface charge causes the particles to come closer together to form a 
gel. At 90°C, the gelation process is very fast requiring a residence 
time of approximately 20 seconds. The higher temperature is obtained by 
dropping the droplets into paraffin oil (10) or silicone oil (11) , or any 
other suitable organic medium. The silicone or paraffin oil provides a 
medium where the single droplets form, under the effect of surface tension, 
regular spheres (11) . To preserve the shape of the drop the organic 
medium to be chosen should have a high density and a high interfacial 
tension towards water (12) .
For the internal gelation process, a gel of good quality could be 
prepared only in the presence of urea. Because of this, urea is added 
to the sol. In the absence of urea, it is impossible to prepare high 
concentrated uranyl nitrate solutions (above 1 mole/2,) in the medium of 
concentrated HMTA solution as insoluble precipitates of UC^CNO^)2 .HMTA 
are formed. The high concentration of both components is needed for 
ensuring a sufficiently high rate of colloid particles and for reaching 
their necessary number in the unit volume. The addition of urea hinders 
the formation of HMTA adducts because a soluble complex of UC^NO^^'^CN^)
is formed; in addition, urea affects positively the properties of the 
formed gel in such a way that reacting with the formaldehyde it yields 
insoluble formaldehyde-urea copolymers (resins) that form a spatial 
lattice, strengthening the gel structure (11) .
External gelation is, on the other hand, characterised by the 
necessity for a mass transfer across a phase boundary. External gelation 
can be achieved by a number of ways, three of which are described below:
(i) Dehydration:- This process involves the extraction of water 
from the sol droplet into an organic solvent that is only miscible with 
water to a very limited extent (13). In the American ORNL process, for 
instance, dehydration of droplets of a concentrated hydrosol takes place, 
so concentrating its colloidal particles that they lose their stability 
and form a gel (9). In this process, the droplets are formed in a 
co-current stream of the organic solvent and this passes into a counter- 
current flow of a dehydrating solvent so that, as the droplets pass 
through the dehydrating agent water is extracted. An example of a 
dehydrating agent is 2-ethyl hexanol containing 0.2% sarkosyl 0 anionic 
surfactant (4, 18). The surface active agent or surfactant is used to 
prevent coalescence and sticking together of the spheres (5, 18).
(ii) Amine Extraction:- This is the process followed in the Italian 
CNEN process (ll). In this process, gelation is achieved by extracting 
the stabilising nitrate ions from the colloidal particles inside the 
hydrosol droplet. To remove nitrate ions, use is made of the anion 
exchange capacity of long chain aliphatic amines; the gelation takes 
place by the following equation for ^(NO^)^ (5).
(iii) External Alkaline Gelation:- Like the internal gelation,
ammonia is used to cause gelation but in this case the ammonia used is
not formed in the droplet. The ammonia used is dissolved in the organic
medium (12). The ammonia then diffuses into the sol droplets to increase
the pH of the droplets.
In the external gelation processes, the formation of the gel proceeds
always from the sphere surface inwards, so that an outer semipermeable
layer is formed in the sphere in the initial period of gelation. This
causes the formation of osmotic pressure inside the sphere which could be
dangerous for its mechanical stability especially for larger diameter
gels, exceeding about 0.5 mm (9,12).
To prepare spherical particles greater than 0.5 mm in diameter,
internal gelation should be used to prevent concentration gradients in the
sol droplets, which cause the osmotic interference.
II Hydrolysis Process
The Hydrolysis Process (H-Process) is gaining considerable attention
in the production of gel spheres because of its simplicity. The H-process
has been used to prepare oxide spheres directly from a concentrated metal
nitrate solution.
For the preparation of an oxide the feed solution is prepared by
dissolving urea in the metal nitrate solution of sufficiently high metal
concentration (13). The urea stabilises the metal nitrate solution by
forming a complex. In the case of the production of UC^ spheres, for
2+
instance, the urea forms the complex [UC^(N^CON^^l (T4). The feed 
solution is mixed with solid HMTA at temperatures below +10°C. At these 
temperatures the solution is metastable (13,14). The mixed solution is 
formed into droplets and dropped into hot silicone oil at 90-95°C. The 
droplets then rapidly solidify by homogeneous hydrolysis in a few seconds 
forming spherical particles (14) . The H-process flowsheet for UC> 2  
production is shown in Fig. 2.
The main difference between the H-process and the sol-gel processes 
is that, no sol is formed in the former and also solid HMTA is used. The 
H-process is simpler than the sol-gel process.
HMTA (solid)
NH.OH
U0o(N0~)o ~ urea solution
Dissolution
Drying
Sintering
Washing
droplets in hot oil
Solidification of
Fig. 2. The Process Flowsheet of the H-Process
In all the different types of gelation a residence time of some few 
minutes is required in the gelling medium for complete precipitation.
Ill Gel-Precipitation
The Gel-Precipitation process is one in which the solid gel particles 
of controlled shape and size are prepared directly from a solution of one 
or more metals which usually contains an organic additive ( 8 ). The organic 
additive is usually a polymeric compound which provides a matrix for the 
metal precipitates. Suitable organic additives which can be used are 
dextran, natural gums, polyvinyl alcohol methocel and other poly­
saccharide derived compounds ( 6, 8 ).
The Gel-Precipitation Process is the route selected by the United 
Kingdom Atomic Energy Authority (UKAEA) and British Nuclear Fuels 
Limited (BNFL) (L5_).
The samples used in this work were prepared at the Atomic Energy 
Research Establishment (AERE) by the gel-precipitation method. In this 
process, concentrated solutions of uranyl nitrate (UC^NO^^) > and thorium 
nitrate (Th (NO^)^) in the required ratio, referred to as the inorganic 
feed solution, is mixed with nitric acid (HNO^). This final inorganic 
feed solution is adjusted to the right concentration (16), and mixed with 
an organic solution consisting of an organic polymer dissolved in an organic 
solvent. After mixing the two solutions, the resultant solution is formed 
into droplets by the use of a suitable device such as a vibrating nozzle. 
These droplets are made to fall through a bed of ammonia foam which acts 
as a cushion before falling into a column containing aqueous ammonia 
solution. Before entering the ammonia foam, the droplets are pregelled in 
ammonia gas blown over the foam. The pregelling probably makes the droplets 
strong enough before dropping into the ammonia solution (6). When the 
droplets of the feed solution come into contact with the concentrated 
ammonia solution, precipitation of ammonium diuranate (ADU), UO 2 .xH2 O.yNH2 > 
and hydrated thorium oxide (TlK^.n^O) starts at the surface and the reaction
interface moves inwards as ammonia diffuses through the already 
precipitated gel (15, 16)>
The ADU can exist in one or more of four phases as observed by 
Cordfunke (l?) with varying x and y ratios. The phases are:
U03.2H20 (i)
3U03.NH3.5H20 (ii)
2U03.NH3.3H20 (iii)
3U03.2NH3.4H20 (iv)
The droplets have a transparent skin when they fall initially into
the ammonia solution (l6)i
The organic polymer (gelling agent) which is used in this method should 
have affinity for the uranium and thorium ions. The gel when formed 
should be insoluble in water (2)- The organic polymer must be present to 
ensure that the spherical shape of the droplet is maintained throughout 
all the processing stages. The gel-precipitation technique has the 
advantage that a sol does not have to be prepared.
2.2.1 Pre-heating Processes
a) Washing
Washing is accomplished by different methods depending on the 
method of preparation of the gel, which result in different reaction 
products. For instance, Landspersky et al. ( 11) used 2.5% aqueous solution 
of ammonia, R. FBrthmann and G. Blass 13 used hot water.
At AERE, cold water (L6) is used to wash away the impurities, 
i.e. excess NH^OH , ammonium nitrate and organic solvent which fill 
the free spaces between the solid skeleton of the ADU and Th02 .nH20.
b) Ageing
Residence time of a few minutes in the gelling medium is 
necessary for the gels to precipitate completely (6) inside the 
droplets.
At AERE, ageing is carried out in either steam or hot water (16).
Ageing mainly increases porosity. During ageing in hot water or steam,
the amorphous ADU crystallises out.
c) Dewatering . .
The wet gel (hydrogel) has considerable porosity, about 90% (16), 
in the form of trapped water. The water is removed by displacing it 
with a suitable organic solvent that is only miscible with water to 
a very limited extent (16). The dewatering stage results in an 
appreciable shrinkage (4, 16) because of the high surface tension of 
water.
d) Drying
The drying stage is very critical and must, therefore, be carried 
out carefully if the integrity of the spheres is to be preserved.
The following stages of drying is what is adopted at AERE (.16) . The
organic solvent is removed from the gel by blowing hot air or air at 
room temperature over a bed of the spherical particles. This removes 
about 90-95% of the solvent. If air is blown over the hydrogel 
without first replacing the water with a suitable organic solvent 
the porosity is lost and the gels fragment. The dried gel (xerogel) 
consists of ADU, Th02.nH20, polymer, H20 and probably traces of 
ammonia and organic solvent. The xerogel is about 80% porous.
2.2.2 Heat. Treatment Stages
a) Debonding
Debonding is the word used at AERE (.16) to describe the heat 
treatment step which is carried out to remove or decompose the 
polymer, and other volatiles which might be present.
Woolfrey (19) refers to this stage as the calcination stage and 
Tsai-Lih Huang and Cheng Huang (6) call it the presintering step.
Fig. 3 shows a simplified process flowsheet of the gel-precipitation
Ageing
Washing
Heat Treatment
Precipitation
Uranyl nitrate
Drying
Thorium nitrate
Formation
Droplets
Solution
Final Feed
Inorganic Feed
Solution
Organic polymer
solution
Fig. 3 The Process Flowsheet of the Gel-Precipitation 
Method.
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technique and Fig. 4 is a schematic representation of the chemical 
changes occurring in the debonding process (16 ).
b) Sintering
Sintering is the second stage of the heat treatment and the last 
stage of the spherical fuel preparation. The sintering process 
increases the geometric density of the spheres to values > 95% T.D.
Two types of sintering could occur during this second stage of heat 
treatment. The first type which has been investigated in this work 
is the sintering which occurs within the interior of the individual 
spheres. There is also the possibility of two or more spheres 
coalescing and sintering.
2.2.3 Theory of Sintering
2.2.3.1 Introduction
There is a lot of confusion on the definition of the term 
sintering (20, 21). Hausner (20, 22) in 1963 defined sintering as: 
"Sintering: bonding of particles in a mass of powders by molecular 
(or atomic) attraction in the solid state, by application of heat, 
causing strengthening of the powder mass and possibly resulting in ^  
densification and recrystallisation by transport of material". He 
goes on to say that, today he is not satisfied with this definition.
A definition of sintering proposed by Professor I. Thllmmler (21) reads 
as follows: "Sintering refers to a process of reducing the interior 
and exterior surface of a body or of bodies of particles in contact 
by reinforcement of contact bridges and the reduction of the void 
volume. During the process at least one of the main components should 
be in the solid state".
A common feature is that all processes to which the name is 
applied are such that diminution of the surface area of an assembly of 
particles occurs in the process, usually under the influence of heat,
and the diminution of the surface energy which accompanies the loss of 
area is the driving force for the process (20 ). Some of the effects 
of sintering are (21): (i) decrease in porosity and electrical 
resistivity and (ii) increase in density, strength and grain size.
Three stages and at least six material transport mechanisms 
(23, 24, 25) can be distinguished in the course of sintering. The 
stages merge continuously into one another £23) and any one or more 
of the mechanisms can contribute simultaneously to sintering.
2.2.3.2 Stages of Sintering
Stage 1. During the sintering operation, particulate materials 
develop interparticle necks and Stage 1 is the early stage of neck 
growth. Under the influence of the stresses and excess vacancies 
described by ThUmmler and Thomma (23), neck growth proceeds according 
to an exponential time law. In this stage the powder particles remain 
as individuals.
Stage 2. This is the intermediate stage; the necks are now quite 
large and the pores become roughly cylindrical (25). At this stage 
the x/a (neck radius divided by the sphere radius) ratio exceeds a 
certain value after intensified neck growth and the separate particles 
begin to lose their individual identity (23). The grain boundaries 
usually run from pore to pore. When about 90% of theoretical density 
is exceeded, the relative proportion of closed pore spaces increases 
rapidly, leading to the final stage of sintering.
Stage 3. At Stage 3 (final stage of sintering), the pores become 
isolated and spherical. Further densification still proceeds slowly, 
so that it is often impossible to decide whether it has come to an 
end (23). This stage commences at about 5% total porosity and may 
continue until all porosity is eliminated (20). If gas is trapped in 
the closed pores, during this stage, its pressure will rise as the 
pore radius decreases until it may prevent further shrinkage when
the equilibrium condition p = 2y/r is reached, y being the surface 
energy and r pore radius (20). Energetically, it is favourable from 
the point of view of the energy stored in the compressed gas, and 
neutral from the point of view of surface energy, for gas to transfer 
at low pressure. The results of such a transfer is an increase in the 
total volume of the piece which is described as bloating (20). A 
theory of the kinetics of this process yields the relation (20, 26)
where rt is pore radius at time t, rQ is the pore radius at time t = o 
and A is a constant which depends linearly on the solubility of the 
gas and on its diffusion coefficient.
2.2.3.3 Mechanisms of Sintering
It is customary to distinguish at least six different types of 
material-transport processes which may operate during the sintering 
process (25, 27). These are:
(i) Evaporation-Gondensation: Owing to the higher vapour
pressure over convex surfaces as compared to neck regions, it is 
possible in some systems for material to be transported as vapour 
to the neck region. Neck growth, pore rounding and pore channel 
closure can be accomplished by this mechanism. As long as significant 
differences in curvature remain in somewhat localised regions of the 
sinter mass, this mechanism may operate. However, material is merely 
rearranged within the sinter mass and no reduction in pore volume 
(densification) takes place (l6l). This type of material transport is 
important in only a few systems (27). Material transport by this 
mechanism has been observed as the dominating process in some instances, 
e.g. NaCl (28, 29 ), TiC^ (30), and ZnC^ (23, 31). One requirement for 
this material transfer to occur is that the materials be heated to a 
temperature sufficiently high for the vapour pressure to be appreciable.
Kingery et al(27) quote a vapour pressure of 10 to 10 atm, as 
the pressure required by micron-range particle sizes for this 
transport mechanism to occur.
(ii) Surface Diffusion: The source of matter for this mechanism
is the surface of the material and the sink is the neck. Like the 
evaporation-condensation, surface diffusion produces no shrinkage and 
hence densification. Thummler and Thomma (23)and Johnson (32) are of 
the opinion that this process probably occurs in all sintering 
processes. The rounding off of the internal and external surfaces and 
pores is produced by surface diffusion, which requires the least 
activation energy of all types of diffusion in a number of materials 
and thus appears preferentially at low temperatures (23, 33).
(iii) Volume (Lattice) Diffusion: This general method of
material transport is widely accepted for the sintering of metallic 
materials; however, there are a number of precise mechanisms invoking 
volume diffusion (l6l). Seigel and Pranatis (34) describe Volume 
Diffusion as the process of material transport originating in the 
random movement of atoms induced by thermal vibration. The most , 
prevalent specific type of atomic motion is the "vacancy exchange" 
mechanism. This means that atoms move into vacant lattice sites - 
vacancies. If there is a directionality associated with a motion, 
then there is a net transport of material in a specific direction.
The magnitude of this mass transport is described by the diffusivity D 
of the particular atomic species within a given crystalline solid; and 
this is given by
D = Dq exp (-Q/RT) 
where Dq = the pre-exponential material constant
Q = the activation energy for diffusion
R = the gas constant
T = the absolute temperature.
The activation energy is assocaited with the energy needed to create 
and move a vacancy in the lattice; it may also be thought of as a 
measure of the temperature dependence of D (a plot of the logarithm of D 
versus 1/RT yields a^straight line whose slope is«*Q) . The diffusivity 
D may refer to the diffusion of atoms in a pure metal, referred to as 
self-diffusivity, or the movement of an impurity or alloying element 
in a particular solid. The above equation signifies that diffusion 
increases very rapidly with increasing temperature. It also increases 
with increasing Dq and decreasing Q (L61.).
(iv) Grain Boundary Diffusion: It is suggested in Hirschhorn's
book (l6l) that vacancies may move directly on to grain boundaries in 
contact with the neck surface and other pore surfaces. The grain 
boundary usually formed between adjacent particles in the original 
sinter mass would be particularly likely. The vacancies might move 
along the grain boundaries to external surfaces or perhaps in some way 
become accommodated at location along the boundaries within the solid. 
Atoms from external surfaces or from locations along the boundaries 
would diffuse down the grain boundaries to cause neck growth, pore 
rounding or pore shrinkage. The shrinkage of pores would most likely 
require movement of atoms from external surfaces.
In most sinter masses both volume and grain boundary diffusion paths 
are possible. An analysis of diffusion data indicates that grain 
boundary diffusion would become more important or effective with 
decreasing sintering temperature (161). This is a consequence of two 
factors: (a) at all times there is much more lattice than grain boundary 
volume available for diffusion; (b) because the activation energy for 
grain boundary diffusion is usually considerably less than that for 
volume diffusion (often about one-half as great), the difference between 
the higher grain boundary diffusivity and the smaller volume diffusivity 
increases with decreasing temperature (161).
(v) Bulk Flow: This mechanism is the sum of all processes by
which displacement of matter in gross units occurs under the action
of stress. This includes slip, viscous or plastic flow, grain
boundary shear, and any other process leading to the transport of
material in bulk (34).
If bulk flow is the dominant mechanism in a sintering process,
as one would expect in the case of sintering of glass, a relationship
obtained readily from the equation for Newtonian flow, 
de
a = n dt
where cr is the acting shear stress, n the viscosity of the material
and de/dt the strain rate applies (168). The stress acting in the neck
is defined by cr = y/p (where y is the surface energy and p is the
radius of curvature of the neck)'. The shear strain rate de/dt is
proportional to dx/xdt (where x is the neck radius). If these quantities
are inserted into the above equation and integrated, a relationship
between the neck radius and time t of sintering is obtained as
follows (168):
2 ■>
*_ = i  (i) t
a -2 V
2.2.3.4 Kinetics of Initial Stage Solid State Sintering
Kinetic equations for initial stage sintering have been proposed 
by Kuczynski (101), Kingery and Berg .(28), Coble (37) and Coblenz (36) 
for geometrically defined models. These equations in general, indicate 
that for isothermal sintering, log-time-log shrinkage plots should be 
linear throughout the initial stage of sintering.
Various methods have been used to study the initial stage of 
sintering. Among these are dilatometric, neck-growth and densification 
studies of the kinetics of both isothermal and non-isothermal shrinkage 
of powder compacts. Dilatometric studies are particularly useful 
because they allow one continuously to follow dimensional variations in
the same sample (103). The two sintering methods, isothermal and 
non-isothermal, will be treated separately.
a) Isothermal Sintering: Isothermal studies of neck-growth and
densification have provided most of the available sintering data (23,
102). The experimental curves obtained in isothermal shrinkage of 
powder compacts generally follow the equation of the form (103)
AL/Lq = Ktn (1)
where AL/Lq is the relative shrinkage of the sample under isothermal 
conditions; K is a constant dependent on temperature, particle size, 
and characteristics of the material studied; t is time; and n is a 
constant which depends on the mechanism of material transport.
The different sintering mechanisms can be distinguished in practice 
by studies of sintering rates and examination of structures after 
sintering. The classical interpretation of such studies utilises the 
time dependence of neck growth to identify the dominant mass transport 
mechanism. An inherent assumption in such treatments is that a single 
mechanism is dominant; however, in many situation such an assumption 
significantly departs from reality (35).
Since the rate equations have been derived extensively by Coblenz 
et al (36) and several other authors, only the relevant equations will 
be given in this report. The appropriate rate equation for a 
mechanism depends on the stage which sintering has reached (25). The 
sintering models for diffusion are written for pairs of spheres because 
of the simplicity of geometric definition and the ease with which 
ceramic materials may be prepared in this form (.37) . In order to 
correlate sintering rate with transport mechanism, the interaction between 
two spherical particles, when the compact is just beginning to sinter 
is considered. Fig. 5 is a schematic representation of such a model, 
where a is the radius of the sphere, p is the radius of curvature, and 
x is the neck radius.
Fig. 5 Schematic Representation of Two Spherical Particles
i, „
Sintering.
It is customary to determine the mechanism of material transport 
by calculating the rate at which the bonding area between particles 
increases by equating the rate of material transfer to the surface lens 
between the spheres with the increase in its volume (27, 36) . Slightly 
varying forms of the rate equations have been developed by different 
authors (23, 27, 36); however, all the equations can be represented 
by the basic expression (20):
(f)n “ K -5B (2)
where t is the isothermal sintering time, K is a constant, and n and 
m are constants which vary with the mechanism of matter transport as 
shown in Table 1 (20) below.
Table 1
Mechanism n m
Surface Diffusion 7 A
Evaporation-Condensation 3 2
Bulk Flow 2 1
Volume Diffusion 5 3
Grain-Boundary Diffusion 6 4
Frenkel (38), Kuczynski (39, 101), Pines (23), Kingery and Berg (28) 
and several authors have developed varying forms for K and hence 
different n and m values (23). The discrimination between mechanisms
of compacts have sometimes been drawn from studies of model systems (20).
For the two mechanisms, volume and grain-boundary diffusion, 
which cause shrinkage, data obtained from the fractional shrinkage 
can be used to determine which of the two mechanisms is dominant during 
sintering of solid mass containing isolated pores. Ali and Lorenzelli 
(40), Johnson and Cutler (104), Moriyoshi and Komatsu (1.75) among 
several others give expressions of the general form of equation (3):
is not very clear and hence misleading inferences about the behaviour
(3)
where L/Lq = fractional shrinkage
D • = self-diffusion coefficient 
^  = surface free energy
= vacancy volume
k = Boltzmann's constant
T = absolute temperature
a = particle radius
t time
K, m, p = constants which depend on the model which could fit
shrinkage data given in Table 2. Johnson and Cutler
give values of the constants for various particle
geometries (104).
Table 2 Values of constants for equation (3) for various 
diffusion models of spherical particles.
Diffusion Path K m P Ref.
31/tt2 0.46 3 r—
t 
1—
1 
o l—
l
4.2 0.48 3 [166]
Bulk
20//2 0.40 3 ' [28]
2 0.50 3 [37]
506*/7tt 0.31 4 [167]
Grain
1.55b 0.32 4 [166]
Boundary
15a* 0.33 4 [37]
* b, a, grain boundary width 
Table 2 gives the values for the constants in equation (3) as given by 
Ali and Lorenzelli 40 quoting from various references. A similar 
expression to equation (3) but with different constants relating neck 
growth to time is given by Johnson and Cutler (104) as
'1
xw = i ' A S t (4)
where x = neck half-width 
a? = vacancy volume 
y = particle radius 
All other constants and variables are as defined previously. The 
values for the constants w, K* and s in equation (4) are given by 
Johnson and Cutler (104) .
Equation (3) predicts a straight line of slope equal to m when 
logarithm shrinkage is plotted against logarithm time; however, such 
plots suffer from errors in the zero of time and shrinkage which 
necessitates making corrections (40, 104) . Ali and Lorenzelli (40)
and Johnson (105) have given modified expressions of equation (3) 
to eliminate or minimise the errors,
b) Non-isothermal Sintering
Non-isothermal pr constant rate of heating (CRH) sintering has 
been studied by Young et al (106), Young and Cutler (102), Woolfrey 
(107), and Woolfrey and Bannister (108). It is shown in these works 
that, in principle, non-isothermal techniques for initial-stage 
sintering permit the determination of all the sintering parameters 
(rate law, activation energy and diffusion coefficients) normally 
obtained from isothermal experiments (108). Compared with the 
conventional isothermal methods, the CRH technique is faster, and 
a single specimen can be used to cover the entire sintering range 
investigated (108)«
Woolfrey and Bannister's (108) CRH technique for analysing 
initial-stage sintering consists of first, determining the activation 
energy of the sintering by the Dorn method (103, 108, 109) and then 
determining the shrinkage or shrinkage rate of a specimen as a function 
of temperature.
The Dorn method involves the determination of the instantaneous 
effect on shrinkage rate of a small step change in temperature. If 
is the shrinkage rate at temperature T^ (°K) just before the temperature 
change and V2  is the shrinkage rate at T^ (°K) just after the change, 
the apparent activation energy, of the process responsible for 
sintering is given by (107, 108):
Qa - [RT1T2/(T1 - T2)] In (Vx/V2) (5)
where R is the gas constant.
In the second stage of the Woolfrey and Bannister's (108) CRH 
techniques for studying the initial-stage sintering, the specimen 
temperature is increased at a constant rate (dT/dt - c) and shrinkage
or shrinkage rate is determined as a function of temperature.
With no assumptions regarding geometry or sintering mechanism, except 
that one rate-controlling mechanism predominates, Woolfrey and 
Bannister (108) derived the following general equation for non- 
isothermal sintering:
where c = heating rate
Q = activation energy
T = absolute temperature
R = the gas constant
For the sintering of spherical particles
3
K = (1.95Y^DTT/k'r T) and n = 1 for volume diffusion and 
o V
4
K = (0.48YftD_6-,/kr T) and n = 2.1 for grain-boundary diffusion O B J3
Y = surface energy
ft = the volume of material transported/atom or molecule of the
diffusing species
D = the relevant diffusion coefficient
<5.,, = the grain-boundary width
k - the Boltzmann constant
r = particle radius
Bannister (110) has tabulated the K and n values for other particleo
geometries.
Woolfrey and Bannister (_108) suggest that a plot of tn(AL/Lo) 
vs 1/T giving a straight line with slope very near -rQ/(n+l)R, should 
be used to find either Q or n if any of them is known. Q and n may 
be evaluated from the value Q/(n+l) so obtained by either
(1) Determining Q by the Dorn method, substituting into
(6)
Q/(n+1)
or
(2) Determining n by performing CRH experiments at different heating 
rates. From equation (6) a log-log plot of fractional shrinkage 
at a specific, temperature vs heating rate gives a straight 
line of slope -lj(n+1) . Substitution into C^n+1) then gives Q. 
After values of n and Q have been obtained, substitution of the 
appropriate Ko into equation (6) enables the explicit version of these 
equations to be deduced; thus, the relevant diffusion coefficient can 
be estimated (108). The sintering mechanism could then be identified 
by comparing the diffusion coefficients obtained with values from the 
literature obtained by radioactive tracer techniques. The values 
of n and Q can, however, be used as a preliminary guide for identification 
of the sintering mechanism.
Young and Cutler’s (102) analysis of CRH experiments differs 
slightly from that of Woolfrey and Bannister. Considering only spherical 
particles, Young and Cutler derive the following equation in the 
integrated form for grain boundary diffusion;
— --- = 2.14YQ D „R/kr4CQ)1/,3exp(-Q/3RT) (7)
L 3/t oBo
where b’D = D exp(-Q/RT) and
B oU
for volume diffusion;
^ 7 —  = (5.34 YfiDovR/Rr3CQ)^exp(-Q/2RT) (8)
o
where D = D exp(-Q/RT) and
v ov r x
bD = the grain-boundary diffusion coefficientD
(b is the effective grain boundary width)
D = the volume diffusion coefficient v
r = the particle radius
c = heating rate and
all other variables and constants as described previously.
effective activation energy, where n is 1/3 and  ^ for grain-boundary 
and volume diffusion, respectively. Young and Cutler (102) suggest
O
the use of (AL/L^.T) in place of (AL/L /t ) or (AL/Lq /t ) in integral
;
plots because the temperature sensitivity of the exponential term,
exp(-nQ/RT) overwhelms all other temperature terms. The activation
energy Q values obtained from, nQ is substituted in the appropriate
equation (7) and (8) to obtain D _ and D . The self-diffusion
oB ov
coefficients and bD^ are obtained from the relevant equations.
An implication of the Young and Cutler’s work is that to obtain 
the true activation energy for sintering from the effective value 
given by the CRH technique, the sintering rate law must be either 
guessed or known (eg from isothermal experiments). (108)
The Woolfrey and Bannister’s work, however, shows that the 
sintering rate law and the activation energy can be determined by CRH 
experiments or by combining a CRH experiment with another nonisothermal 
technique, the Dorn method (108).
CRH techniques solve the problems occurring during the first 5 min 
in isothermal experiments, eg heat shock, internal strain and uneven 
thermal expansion; these effects can be easily corrected for in 
a CRH experiment by using small constant rates of heating (102) .
2.2.3.5 Other Theories to Determine the Mechanism of Material Transport
a) Size Effect
Herring (41) formulated his ’scaling laws’ (23) by considering 
the sintering rates of compacts of identical geometry but composed of 
particles whose linear dimensions differ by a factor X (34). According 
to these, an equal x/a ratio with different particle diameters, a^ and 
a2  requires a sintering time that is related to the diameter ratio
according to the predominant mechanism (23). The Herring equation 
can be represented by the following expression:
where p = 1 for bulk flow, p = 2 for evaporation-condensation, 
p = 3 for volume diffusion, and p = 4 for surface diffusion, t2  is the 
time required for the larger particles to sinter to the degree that 
the smaller have in t^ and a2  and a^ are the respective diametetj for 
the large and small particles. A more thorough investigation of the 
size factor (34) has been made by Ballufi (42).
b) Structural Effects
Studies on structural effects in sintered compacts could throw 
light on the basic transport mechanism operative during the sintering 
of non volatile metals (34). The most significant study on the 
structural effects is that made by Alexander et al (34,43,44) of the 
effect of grain boundaries on sintering rate. Ballufi (42) in his 
experiment with impressed silver powders has obtained an indication
'\
of the importance of grain boundaries in a normal powder compact (34). 
Rossi (45) has also worked on the effect of grain boundaries on 
sintering rates . The influence of grain boundaries on sintering rates 
was explained by Alexander and co-workers on the basis of a volume- 
diffusion mechanism suggested by Nabarro (46) and Herring (47). 
According to this mechanism, voids are eliminated by the diffusion of 
atoms from the nearest grain boundary to the surface of the void, in 
terms of the lattice-vacancy theory of diffusion, by the migration of 
vacancies from the void to the grain boundary. The grain boundary 
acts as a source of atoms, or sinks for vacancies, and as atoms leave
the grain boundary, the vacant space is filled up by a movement of
the grains together. The sum of such movements constitutes the overall
shrinkage of the compact.. When grain boundaries are no longer present
to act as nearby sources of atoms, the void practically stops
/
shrinking (34) -
c) Marker Movements
It has been suggested by some authors (34) that a very direct 
indication of the transport processes operating during sintering might 
be obtained by studying the movements of inert markers (a finely 
dispersed second phase which is stable at the sintering temperature (169) 
strategically located in a compact. Kirkendall et al (48) used this 
technique to demonstrate the existence of plastic flow during diffusion'(34) 
Lenel (169) states that if material is transported by surface diffusion 
or volume diffusion with surface sources and sinks, no marker motion into 
the newly deposited neck-fillet regions will occur, since atom motion 
occurs by individual vacancy or atom jumps which could not move the
markers. If transport occurs by diffusion, with the grain boundary ,
between the particles as a vacancy sink, the centre of the neck will 
contain markers, and marker-free zones will occur immediately under 
the neck surfaces where material is being deposited. The markers will 
accumulate on the grain boundary, since there is no place for them 
to go dice they have arrived there. In the case where mass transport 
occurs by dislocation glide, the marker distribution in the deforming 
material must remain as it is with no concentration or depletion of 
marker density, and the neck regions will contain the same marker 
distribution as the areas from which the material is removed. Thus, 
by this method, it should be possible to distinguish plastic flow 
transport and diffusion of vacancies to the grain boundary from each
other and from the remaining possible mechanisms (169). 
d) Effect of Impurities and Atmosphere
The mechanism of sintering of homogeneous crystalline oxides 
has been furnished by studies of the effects of impurities and 
sintering atmosphere. Weyl(49) has considered in great detail the 
accelerating and retarding effect of foreign ions on the sintering 
of oxides. He interpreted the phenomena in terms of structural 
defects within the crystal lattice. Johnson and Curtis (50) have 
observed that the sintering of ThC^ was accelerated by CaO and SrO 
additions. These results were also explained in terms of changes in
the concentration of lattice defects. Weyl also showed that additions
# # • # « 3+ ,
of Li ions to ZnO accelerated sintering, while Al ions retarded
sintering. These results are interpreted as follows: ZnO is a
2+ .
cation-excess semi-conducting oxide. Excess Zn ions and an equivalent
number of electrons are located on interstitial sites. If some of the
2+ . . 3+
Zn ions of the oxide are replaced by Al ions, the concentration of
2+ .
free electrons is increased and of interstitial Zn ions decreased. 
Additions of aluminium should therefore increase the electrical '
conductivity, but decrease the diffusion rate of zinc through the 
oxide, which depends upon the concentration of interstitial zinc ions. 
Conversely, additions of Li+ ions should decrease the electrical 
conductivity and increase the diffusion rate of zinc (34).
The effect of sintering atmosphere on the shrinkage rates of 
oxide compacts is also explained by changes in the lattice defect 
structure. Data for and Be.O given by Walker (34,51) indicate
that the sintering rate is rapidly increased as the atmosphere becomes 
more reducing. This observation is explained in terms of an increase 
in the number of highly mobile metal ions brought about by loss of 
oxygen from the oxide.
2.2.3.6 Conclusion
From the above discussion on sintering, it can be concluded 
that, it is not very easy to determine the transport mechanism operating 
during sintering because:
1) The mechanism depends on the stage at which sintering is 
taking place,
2) the discrimination between the various mechanisms is not 
very clear,
3) the possibility of more than one mechanism operating,
4) surface diffusion is almost always present.
2.3 The Fuel Element
2.3.1 Introduction
The fuel element consists of the nuclear fuel and the cladding.
The reactor nuclear fuel must contain as elements, alloys or compounds, 
at least one of the following principal fissionable species (52): 
uranium - 233 uranium - 235
plutoiium - 237 plutonium - 241
The large amount of energy released in the fission of a nuclear 
fuel, together with the emission of more than one neutron, makes it 
possible to use the fission process as a source of energy.
The cladding (canning), which provides structural support and also 
retains the highly active products of fission from entering the reactor 
coolant is usually made of material with low neutron absorption cross- 
section (52). The materials which have received the most consideration 
are; alumipium, beryllium, magnesium, zirconium, niobium, stainless 
steels, nickel and alloys based on these materials (52).
2.3.2 Fuel Element Preparation
The type and preparation of a fuel element depends on the type of 
reactor, however, any fuel element type must have the following
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requirements (53):
a) dimensional stability
b) integrity
c) adequate heat transfer- throughout the life of the fuel 
element
d) appropriate nuclear characteristics.
The type of fuel element geometry will also depend on the type of 
reactor, and the subassembly fabrication and fabrication cost. There 
are three basic shapes of fuel element geometry in common use (53,54).
a) Pins or Rods ' *:
Pins or rods are used primarily where bonding between the clad 
(a tube and the fuel is difficult and where the tube is required as a 
pressure vessel (54). They are typically 10mm~25mm in diameter (53).
If the fuel is a metal, bars are produced by either, casting, rolling 
or extrusion, and ceramics by either powder filling or pellet 
fabrication (53). The cladding tube, usually 0.2-0.4mm wall thick, is 
also made by rolling or extrusion.
The selection of the diameter of the fuel rods involves a number 
of variables. If the rod diameter is small, the heat transfer area per 
unit mass of fuel will be large and a high power density will be 
possible in the core. On the other hand, the increase in the number of 
fuel elements will mean an increase in fabrication costs (55). The 
central temperature of ceramic fuels limits the size of the rod.
The main advantages of this geometry are; good dimensional 
stability in cross-section, ease of manufacture, bonding and sealing (53). 
It has, however, low longitudinal stability especially with small 
diameter/length ratio. Spacers are, therefore, employed to prevent 
the pins buckling. The use of spacers, however, decrease the overall
fuel density and coolant flow and hence, the fuel is enriched to 
compensate for the decrease (53).
The UK Advanced Gas-cooled Reactor (AGR) unlike its predecessor, 
Magnox Thermal Reactor uses fuel rods made of UC^ instead of uranium 
metal. Most fast reactors also use pin (rod) geometry.
b) Tubular Elements
These elements also maintain their geometry (longitudinal and 
dimensional stability) well (53,54). It also improves surface area 
to fuel volume and gives lower centre temperature for a given fuel 
rating (53). Fewer tubes are required than rods for the same performance. 
They are, however, more difficult to fabricate and inspect than rods 
(53,55). Another disadvantage is that there are two types of coolant 
flow-internal bore and external surface (53). The manufacture of tubular 
fuels is only readily achieved by extrusion for metal fuel or powder 
filling for ceramic fuels.
c) Plates or Flats
These are used primarily where a large surface area is required 
for high power density. For equal heat-transfer performance, the 
thickness of a plate should be about half the diameter of a pin (55) . 
Metallic fuels may be manufactured by either casting or rolling of 
inserts. Ceramic fuels by pressing and sintering of plaques and cermets 
(dispersion fuels) by pressing and sintering or roll-bonding (53) . The 
advantages with this geometry includes, large coolant surface, easy 
manufacturing technology, simple inspection procedures and simple coolant 
and assembly geometries. The main disadvantages are, low resistance to 
internal pressure, large bond areas around and the risk of leakage 
of the envelope.
2.3.2.1 The Assembling of Fuel Element
The manufacture of fuel elements is adequately described in the 
MSc lecture notes given by Waldron (53). The manufacture and assembling 
of fuel elements for BWR is also described by Klepfer and Trocki (56).
An attempt will be made in this report to give only a brief description 
of fuel elements assembly.
After manufacturing the fuel components, they are checked for any 
dimensional faults and kept in clean conditions. The cladding is also 
checked for any faults. End caps (some with drogue holes) and spacers 
are manufactured. The bottom of the clad is welded to the end cap 
with no drogue hole and then filled with the fuel, spacers and springs 
at the appropriate places (53). The springs exert a downward pressure 
on the pellets and hold them in position. When the filling is completed, 
the top of the clad is welded to the end cap with drogue hole. The 
cladding tube may be evacuated and back-filled with helium through the 
drogue hole, and sealed by welding. In some fuel elements designs, heat 
transfer between the fuel itself and the cladding is achieved by simple 
mechanical contact; this requires close tolerances in production or the 
use of special techniques, such as vibratory compaction of UC^ powder 
to eliminate gaps or by bonding the fuel and the cladding. Metallurgical 
bonding is used, wherever possible, since this is the most efficient 
method. Where metallurgical bonding is not feasible, a metal of low 
melting point, such as sodium, sodium potassium alloy, or lead, is 
introduced in liquid form before the cladding is sealed. With ceramic 
fuel materials, such as UC^, metallurgical bonds are difficult to 
produce, and therefore, helium gas which has moderately good heat-transfer 
properties is used as the bonding material (57). Sufficient plenum 
volume (gap left on top of the fuel) is provided to prevent excessive
internal pressure from fission and residual fabrication gases liberated 
over the design life of the fuel (56) . Finally the fuel element is 
checked for any leak (53).
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2.3.2.2 Irradiation Behaviour of Oxide Fuels
Because oxides are the standard fuel for AGRs and fast breeder 
reactors, and because oxides have been investigated in this work, their 
irradiation behaviour will be discussed briefly.
The main irradiation effects on ceramic fuels are defect formation, 
thermal stresses, fission products swelling and inclusions, stiochiometry 
and microstructural changes, elements redistribution, gas release and 
central melting (53). Most of the above complications arise mainly 
because of the low thermal conductivity of oxides which gives rise to 
very large radial thermal gradients in the fuel pellets, often of the
o
order of 2000-4000 C/cm (170). This gradient causes the fuel 
microstructure to change after the reactor power has been raised to its 
operating level. A typical cross-section of an irriadiated element 
consists of three zones which have fairly well-defined temperatures 
associated with their boundaries: an outer annulus of unaffected grains,
an inner annulus exhibiting equiaxed grain growth, and a central region 
of columnar grains with a central void (53,170,171). During irradiation, 
there is movement of the pores to the centre of the fuel resulting in 
densification of the grains and the formation of a central hole or void.
When a reactor power is changed rapidly, the temperatures in the 
fuel also change rapidly and this leads to thermal stress changes and 
to fuel cracking (170).
2.4 The Phase Diagrams of the Systems IK^-Tt^ and U-0 and their 
Physical Properties
a) The Phase Diagrams
The phase diagram of the system UO2  and Tttf^  shown in Fig.6 below
shows a continuous series of solid solutions of both isomorphous components
with a liquidus curve running approximately as a straight line between 
2875°C and 3300°C, the melting points of urania and thoria respectively
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Fig. 6 System U02 _ Th02 Phase Diagram
The system above is consistent with the similar structures of the oxides 
and ionic sizes of the cations (59). Radford and Bratton (59,63) have, 
observed that the X-ray data follows Vergard’s rule and shows essentially 
a linear lattice-parameter change with composition with no structure other 
than the fluorite phase. However, a minimum has been reported in the 
liquidus and solidus temperatures at 5 mole % Th02 (57,60). Radford 
and Bratton also state in their paper (59) that, compositions in the 
U02-Th02 system are strongly dependent on the oxygen partial pressure 
due to the broad range of stoichiometry in the U02~02 system (Fig.7), 
and investigations show the appearance of two cubic phases and even 
the appearance of UgOg under oxidising conditions. (The phase diagram 
for the system, Th02~0 is given by Mumpton and Rou (172,173).) Low
level additions of ThC>2 to UC>2 act as inert diluents (59,61), but 
larger additions have a stabilising effect on the fluorite structure 
and tend to prevent the. U02 from oxidising.
1000
1800
900
1600
6 0 0
uo
7 00
1200
'  6 0 0
1000 <
ce 500
8 0 0
4 00
6 00
300
4 0 0200
— h uo24+ u so, 
11
100 200
2.72.62.4 2.52.0 2 .32.1 2.2
0 / U  A T O M  R A TI O
Fig. 7 The System U - 0 
b) Table 3. Physical Properties
Compound M.pt (°C) Crystal Structure
X-ray Theoretical 
Density g/cm
uo2
Th02
U, 30%Th.)02
2875 (58) 
3300 (58) 
3003*
cubic a = 5.469X (54) 
cubic a = 5.59& (58) 
cubic a = 5.505*
10.96 (54) 
10.05 (54) 
10.69*
* calculated values
2.5 Physical Properties
2.5.1 Surface Area
a) Introduction
The definition of the surface area of a solid sample depends on 
whether the sample is porous or non-porous. /The surface area of a 
non-porous solid consists only of its external surface whilst the 
surface area of a porous solid also includes the much wider internal 
surface formed by the total pore surface (62).
The measurement of the specific surface area and pore distribution 
allows the study of the chemical-physical characteristics of porous 
substances. The measurement of these parameters has become in these 
last years very useful in the study of absorbents, catalysts, abrasive, 
fertilisers, ceramic products, pigments etc (62).
b) Gas Adsorption for Surface Area Measurements
When a highly dispersed solid is exposed in a closed space to a gas 
or vapour at some definite pressure, the solid begins to adsorb the 
gas. This is made manifest by a gradual reduction in the pressure of 
the gas and by an increase in the weight of the solid (64). The surface 
molecules of a solid are bound on one side to inner molecules but are 
incompletely attached on the other. In order to satisfy the resulting 
imbalance of atomic and molecular forces, the surface molecules attract 
gas, vapour or liquid molecules. If the molecules attracted are those 
of a gas, the phenomenon is known as Gas Adsorption (65).
So far, gas adsorption measurements provide the best means for 
determining the total surface area of a solid sample. A commonly used 
method of determining the specific surface of a solid is by the physical 
adsorption of a gas on the solid and the determination of the monolayer 
capacity, Vm which is defined as the quantity of the gas (adsorbate)
required to cover the solid (adsorbent) with a monolayer (66). The number 
of molecules required to form this layer can be evaluated, and since the 
area occupied by each molecule (67) is known or may be estimated,the 
surface area of the material can be calculated. Usually a second layer 
may be forming before the monolayer is complete but Vm can still be 
determined from the isotherm equations.
Adsorption processes may be either physical or chemical, depending 
on the nature of the forces involved. Physical adsorption, also referred 
to as van der Waal's adsorption is the result of relatively weak interaction 
between solid and gas. In this type of adsporption, almost all the 
gas adsorbed can be removed by evacuation at the same temperature at 
which it was adsorbed (65).
Chemical adsorption or chemisorption is also an interaction between 
solid and gas but the force of interaction in this case is stronger than 
in physical adsorption, and therefore, evacuation at elevated temperatures 
is required for even partial removal (65). In chemisorption there is 
electronic interaction between the adsorbate and adsorbent (68) .
2.5.2 Theories of Adsorption
a) Langmuir's Theory
Langmuir's (65) equation derived for ideal localised monolayer is 
about the most important and forms the basis for all equations in the 
field of adsorption. Langmuir assumed that gas molecules are adsorbed 
as wholes (discrete entities) on to definite points on the surface of 
the solid sample, that each point of attachment can accommodate one 
and only one adsorbed molecule or atom and that the energies of the 
states of any adsorbed atoms are independent of the presence or absence 
of other adsorbed atoms on neighbouring points (66). From these 
assumptions and relating the rate at which the molecules strike the 
surface to the rate at which they evaporate from the surface, Langmuir
arrived at the following equation:-
V = VmbP (1)
1+bP
where V is the volume of gas adsorbed at a pressure P, Vm is the volume 
of gas adsorbed at monolayer, and b is a constant.
Rearranging equation (1), the linear form:-
I = + i_ ' (2)
V Vmb Vm
is obtained.. Thus a plot of p/v versus P gives a straight line with 
1/vm as the slope and 1/vmb as the intercept.
LangmuirTs equation is limited to a monolayer adsorption (69) and 
therefore, has limited applicability,
b) BET Theory
The BET theory attributed to Brunauer, Emmett and Teller (BET) (65) 
extends the Langmuir’s theory to multilayer adsorption of gases on solid 
surfaces. This theory is probably the most important, because adsorption 
studies and surface area measurements are generally based on it.
When experimental results of adsorption are plotted in terms of
'\
the volume V of gas adsorbed versus relative pressure P/Pq at one 
temperature, the isotherms group themselves into five types as given 
by several authors (64,65,66). Based on the assumption that, the forces 
that produce condensation of vapours are also responsible for the 
binding energy in multi-molecular adsorption, BET arrived at the 
more general expression (65,70);
V =  9^___________  (3)
(Po-P) (l+(C-l)P/Po K }
where V is the volume of gas adsorbed at pressure P, Vm is the monolayer 
capacity, Po is the saturated pressure of the gas, C is a constant 
related to the heat of adsorption in the first layer (71).
Rearranging equation (3) in the linear form gives;
P = _L_ . (C-l)P
V(Po-P) VmC Vm C Po K }
A plot of P  versus P/Po should give a straight line with slope
V(Po-P)
(C-l) and an intercept of 1/VmC. From the s,lope and the intercept,
VmC
Vm and C can be calculated. The BET theory describes very well 
experimental results between the relative pressures 0.05 and 0.35 
.(65,72).
c) The BET Method of Determining Surface Area
The surface area of solids can be evaluated if the monolayer 
capacity Vm is known. Vm can be evaluated either by applying the 
BET equation or by a direct plot of amount of gas adsorbed against 
relative pressure (64,66,73).
Nitrogen gas at liquid nitrogen temperature (-196°C) is widely 
used of all adsorbates for the determination of specific surface because: 
(1) on the majority of non-porous solids it happens to yield an isotherm 
of type II with a sharp knee, corresponding to a high net heat of 
adsorption (64). This gives high C values (see equation (4)), which 
is essential for accurate values of Vm (66), (2) high purity nitrogen
is easily available and it is also cheap.
When the BET equation is written in the linear form as given in
C-l 1
equation (4), the slope of the line S = and the intercept I =
For large C, C-l % c, thus S = — ^ 7 7  =
VmC Vm
Approximately therefore, the monolayer capacity Vm is equal to the 
reciprocal of the slope.
The surface area is related to the monolayer capacity by the equation (65,
Sw
NoVm
MvW (5)
2where Sw = specific surface area (m /g)
N = Avogadro number (6.023 x 1023 molecules 
gm. mole
W = mass of sample (gm)
a = area occupied by one adsorbate
molecule and for nitrogen
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this is taken to be 16.2 x 10 m (66,74)
Vm = monolayer capacity in (ml)
Mv = gram molecular volume (22410 ml)
When the values are substituted in equation (5) it becomes,
Sw = 4.35 Vm (m^/g) (6)
The main limitation of the BET equation is that, it does not 
generally describe experimental results below a relative pressure 
of 0.05 or above 0.35 (65).
2.5.3 Porosity
a) Introduction
The determination of the pore size, volume and distribution helps 
to characterise materials like catalysts, ceramics and all porous 
materials (62). It is important in many instances to know whether the 
internal surface area results from very narrowand extensive cracks or 
from relatively large chambers and passageways (65).
In the nuclear industry, for example, gas release, thermal 
conductivity and the ability of the fuel element to accommodate fission 
gases and solid fission products depends on the pore volume, size and 
its distribution (52,53).
b) Methods of Pore Volume Determination
(i) Determination of Pore Volume from Geometric and True Densities
The pore volume of a porous substance can be determined as a 
difference of the two specific volumes (geometric and true), that is, 
as a difference between the reciprocal values of the geometric and 
true densities of the substances (62,64).
The measurement of the geometric density (Pjjg) i-s obtained by 
' immersion of the substance in mercury. Mercury is used because, 
according to Gregg and Sing (64), mercury at atmospheric pressure will 
not enter pores of diameter less than 14y. Jepson (75), also reports 
that at a pressure of 1 atm, mercury will only enter pores of diameter 
greater than lOy. The mercury immersion therefore, measures the lump 
volume of the porous solid.
The measurement of the true density (p^ ,) can be obtained by either
gaseous helium compression as in adsorption technique (64,71) or immersion
of the substance in one of suitable liquids such as carbon tetrachloride
or benzene (64). The true density measures the volume of the solid.
The difference (1/p.. ~ 1/p„) is, therefore, equal to the pore volume
ttg i
of the substance.
(ii) Displacement Methods
The total volume of pores in a substance can be estimated by the 
simple procedure of boiling a weighted quantity of the material in 
any one of several liquids such as water, carbon tetrachloride or liquid 
hydrocarbons. After boiling, the liquid is decanted and the substance 
superficially dried. The increase in weight is assumed to be that of 
the liquid held in the pores, in which case dividing the weight increase 
by the density of the liquid gives the volume of the pores (65) . This
method, although not very reliable because of the difficulty in 
drying only the external surface of particles is, however, rapid and 
in many cases gives satisfactory results.
Orr and Dallavalle* (65) describe also a Mercury-Helium method.
In this method, a bulb of accurately known volume is filled with the 
substance to be measured. The dead space (pore volume and the void 
volume) is determined by allowing helium to expand into the bulb as 
done in gas adsorption. The helium is then pumped out, and the volume 
of mercury necessary to fill the bulb is measured. Since mercury does 
not wet most solid materials, it fills the void volume and leaves the 
pores unfilled; thus the difference between the helium dead space 
and the mercury dead space is the pore volume.
Other methods of determining pore volume such as Gurvitsch method have 
been discussed by Gregg and Sing (64).
c) Determination of Pore Size Distribution
The nitrogen adsorption method at low temperature is usually used 
for the determination of the distribution of pores with radii ranging 
from 15 to 300&, while the mercury pressure penetration method is used' 
with pores having larger radii (62).
(i) Pore Measurement by means of Adsorption
Brunauer and Deming, Deming and Teller (62,76) proposed average 
values for the pore sizes according to the different types of isotherms; 
type I corresponds to a pore having diameter smaller than 25&, types II 
and III to pores with a diameter larger than 200&, types IV and V 
to pores with diameter within 25 and 200&. Thus comparing a certain 
isotherm with a standard one, it is possible to determine qualitatively 
the average diameter of' pores (62). _
The adsorption technique used for the determination of the monolayer 
capacity Vm can also be used for the determination of the pore size
distribution and pore volume. In this case, however, it is necessary 
£o have the desorption isotherm as well as the complete adsorption one 
ie P/Pq = 1 (62).
During the desorption (removal of the adsorbed substance with the
/
decreasing of the pressure ) the isotherm is placed above the adsorption 
arm (Fig.8) due to a hysteresis phenomena (62).
V.
Desorption Adsorption
P/P
Fig. 8 Adsorption and Desorption Isotherm showing Hysteresis L oojj 
The existence of the hysteresis loop means that for any given value of 
the amount of gas adsorbed, there are two values of the relative 
pressure; the value of P/PQ is always higher for the adsorption than 
for the desorption branch (64). The determination of the pore size 
distribution by means of adsorption is based on the hysteresis phenomenon 
and on the Kelvin equation (62,64). The Kelvin equation expresses in 
thermodynamic terms (64), the vapour pressure P of a liquid contained 
in a cylindrical capillary. The Kelvin equation is expressed as:
InP/Po = -~2.g . r°S' * <17>
• _ ~2yV cos <{>
r “ RT In P/P o
where P is the equilibrium pressure, Po is the saturated vapour 
pressure at the temperature, T°K of the system, y and V are the 
surface tension and the molar volume of the adsorbate in liquid form.
R is the gas constant and <J) is- the angle of contact between the liquid 
and the wall of the pore. Gregg and Sing (64) recommend that the 
value of P/Po corresponding to the desorption arm should be used in 
the Kelvin equation since the relative pressure corresponding to a 
given adsorption is lower along the desorption branch, and it follows, 
on general thermodynamic grounds that (if changes in the solid are 
ignored) the chemical potential of the adsorbate is likewise lower; 
the desorption branch is accordingly more likely to correspond to a 
condition of true equilibrium.
From the Kelvin equation, it is evident that a certain pore radius 
can be calculated for each relative pressure of the desorption. Thus 
for any given value of the relative pressure, say P/Po, corresponding 
to a value of adsorption V^, r^  can be calculated, where r^ consists 
of all pores which have radii bigger than or equal to -f . According 
to the capillary condensation hypothesis, all these pores will have 
become filled by the time the relative pressure P/Po is reached (64) .
It has been observed that the radius r calculated with the Kelvin
equation does not perfectly correspond to reality (62,64) but must 
be corrected for the thickness of the adsorbed layer. The pore size . 
distribution curve can thus be obtained by plotting Vr against r 
and the derivative dVr/dic could be readily evaluated by reading 
the slope of the curve Vr against r at suitable small intervals of r.
The derivative curve indicates how the pores of certain radii contribute
to the total volume (62,64).
(ii) Pores Measurement with Mercury Penetration
This method allows the determination both of the pore distribution 
and volume, and is used mainly for pores having larger radii (62).
I
Pore radii within 37 and 75,000& can be measured by the mercury 
penetration method (77).
Ritter and Drake (78) have used this method extensively in their 
study of Pore Size Distribution in Porct^ Materials. Mercury penetration y 
method is based on Washburn theory (78,79). Washburn pointed out that, 
surface tension opposes the entrance into a small pore of any liquid 
having an angle of contact greater than 90°, and that to overcome 
this opposition, an external pressure should be applied. Washburn 
also pointed out that the pressure required to fill a given pore is 
a measure of the size of the pores (78). Washburn relation above can 
be expressed in the form of an equation as follows;
py = -26 cos 0  (18)
where p is the applied pressure, y is the pore radius, 6  the surface
j
tension and 0 the contact angle. The above equation is derived as 
follows (65,78):
For a circular pore, the surface tension 6 , acts along the circle
of contact over a length equal to the perimeter of the circle. This
force is 2tty6 . Normal to the plane of the circle of contact, the force
tending to squeeze the liquid out of the pore is -2iry6 cos 0. (The
negative sign arises from the fact that the angle between the disection
of action of the surface tension and the positive normal to the plane
of contact is tt-0. Since 0 > 90°, the term -2ry6 cos 0 is intrinsically
positive.) The opposing force due to the applied pressure, acts over
2
the area of the circle of contact with a force equal to. tty p. At 
equilibrium these opposing forces are equal; thus
-27ry6 cos 0  = iry p
-26 cos 0  = py which is
equation (18).
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This relation suggests that a- porous material under zero pressure
will 'absorb' none of any non wetting liquid in which it is immersed (78).
When the pressure is raised to some finite value, the liquid will penetrate 
and fill all pores having radii greater than y calculated from 
equation (18). As the pressure is increased, mercury is forced into 
smaller and smaller pores. Using equation (18), the volume fraction 
of pores of a given size can be determined, and a pore size distribution 
curve can be obtained. The total pore volume is calculated by summing 
all the individual volumes of mercury penetrated.
Using mercury as the penetrating liquid, (surface tension = 480 dynes/cm;
contact angle = 140°), and rearranging equation (18), the following
0 2 relationship between the pore radius, A, and pressure kg/cm is
practically obtained:
In principle, using the above equation, it would be possible to explore 
a pore size as low as 5$, however a pressure of about 2 0 , 0 0 0  kg/cm^ 
would be required.
The mercury penetration technique can be used to detect the presence 
of ink-bottle pores and hence helps in characterising a porous system (77). 
During the determination of pore volume and distribution some errors 
can be made due to the presence of ink-bottle pores. In fact the 
mercury starts penetrating the pore neck only when the pressure has 
reached such a value that the equation (19) is satisfied. Thus the 
ink-bottle pore bulb would be filled only at a pressure higher than that
- 50 -
which would be required by the above mentioned ratio. As a consequence, 
the amount of mercury penetrated into the pore bulb would be measured 
at a higher pressure and then considered as a volume resulting from 
pores having a radius smaller than the effective one (77). The 
detection of the ink-bottla pores is obtained by decreasing the pressure 
cycle. At the end of the. penetration cycle, it is possible to determine 
the volume of mercury expelled under decreasing pressure. If the solid 
has ink-bottle pores the volume of mercury expelled would be less than 
that absorbed.
2.5.4 Crystallite Size Analysis
(a) Introduction
There has been of late a considerable interest shown in the physical 
properties of various ceramic materials, and this has resulted in an 
increasing demand for information about relative crystallite size of many 
ceramic powders. One of the most fundamental properties of a ceramic 
material is its particle size and distribution.
It has been observed aa-rly-in the history of X-ray diffraction 
that the diffraction of a beam of X-rays by planes of atoms in a crystalline
material could be used to obtain information about the rearrangement of
atoms and the sizes of crystals composing the materials (80).
(b) General Theory of Crystallite Size Analysis
Under the ideal conditions of diffraction of a strictly parallel 
and monochromatic beam of X-rays by a large, perfect crystal, Bragg’s 
law (80,81) ,
nX = 2d sin 0  (1)
predicts diffraction of a single wavelength of X-rays X by crystal planes
of spacing d only at a discrete angle 0 . n indicates the order of 
diffraction. The need for indicating n explicitly disappears if
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families of lattice planes nh, nk, nl are defined as parallel to hkl 
with spacing d(hkl)/n where hkl are the Miller indices (82).
The ideal conditions necessary for Bragg’s equation to apply do 
not exist in practice. 1 Departures from ideal conditions cause a 
varying degree of diffraction to occur over a range of angles near 0 , 
resulting in a braodening" of the diffractive lines recorded on a film 
or diffractometer chart (82). These departures from the angle 0 also 
produce destructive interference of the diffracted rays and thus, cause 
a decrease in the observed intensity (80). The broadening of the 
diffraction lines is caused by two main factors (82):
(i) instrumental broadening which is caused by the geometrical 
properties of the instruments used in the crystallite size 
measurement. These geometrical effects include, (1) lack of true 
monochromatism> thus causing a distribution of wavelengths in the 
primary beam (83), (2) slit size - if a counter diffractometer is 
used for recording, the counter must have a finite slit width.
(ii) Stokes (82) refers to broadening caused by crystal imperfections 
as intrinsic broadening. Some crystal imperfections that can 
affect diffraction - line breadths are non-uniform strain, mosaic 
structure, stacking faults and small crystallite size (80,81).
Usually when studying crystallite sizes by line broadening techniques,
the broadening caused by instrumental effects is determined and corrected 
for. This can be done since the amount of broadening caused by a given 
instrumental set up remains the same. For very accurate measurement of 
crystallite size, broadening caused by strain should also be evaluated 
and corrected for.
Brittle (non plastic) or well annealed powders of fine particle 
size (80,81) are essentially free from strains and mosaic structure and
therefore crystallite size measurement of these materials using line 
broadening technique is fairly accurate. For unannealed powders and 
nearly all solid aggregates, crystallite size measurement should take 
strain effects into account.
Crystallite sizes in the range from 20 to 3000$ can be satisfactorily 
measured by line broadening technique, using modern diffractometers (80,81). 
For small crystallite sizes, the number of parallel planes diffracting 
from each crystallite becomes less, and the conditions for in-phase 
diffraction become less stringent. Therefore, as crystallite size 
decreases, diffraction occurs over an increasing range of angles near ,
0 , resulting in broadening of the observed diffractions (80). As the 
crystallite sizes increase towards the upper limit the accuracy) of the 
determination decreases rapidly because out of phase diffraction becomes 
less tolerable, due to the increasing number of diffracting planes, and 
the diffraction peak breadths decrease and approach widths produced by 
instrumental conditions.
When all the factors apart from crystallite size causing broadening 
have been eliminated, the broadening caused by crystallite size can be^  * 
determined and hence crystallite size.
Scherrer (1920) first gave a relation between crystallite size and 
X-ray diffraction line breadths. This equation known as Sherrer equation 
has subsequently been confirmed by other workers, among them are Bragg, 
Seljakow and others (83,84). Sherrer equation is expressed as:
D = t  (2)
P C O S 0
where K = crystallite shape constant,
X = X-ray wavelength 
3  = corrected line breadth
0 = Bragg angle
The value of K depends upon crystallite shape, the indices of the 
diffracting planes, the method of determining 8 , and the definition 
assumed for crystallite size D (80,81). Values reported for K range 
from 0.70 to 1.70 (80). Many investigators use the value 0.9 and th.ns 
gives good results when D is defined as crystallite thickness 
perpendicular to the diffracting planes and 8  is taken as the pure 
diffraction broadening at half maximum peak intensity. When integral 
line breadths are used for 8  or when the cube root of the crystallite 
volume is used for D the value of K increases to 1 or greater (80) .
Jones (84) has stated that the Sherrer formula can give only an 
approximate estimate of crystallite size and in fact little significance 
can be attached to a precise value of the constant K since it is not to 
be expected that the crystallites will be all of the same size. An 
accuracy of the order of 2 0 % can alone be aimed at.
(c) Determination of Line Profiles and Line Breadths
The determination of line profiles and line breadths can be carried 
out by either one of two main methods; the photographic method and the 
diffractometer method (82). In the photographic method, a powder 
photograph is taken in the usual way and the distribution of density in 
the exposed film is determined by microdensitometry (82). In the 
diffractometer method the intensity of diffracted X-rays is recorded 
directly by a counter, which is fixed to an arm which revolves around 
the specimen (82). The intensity can also be recorded automatically by 
a chart recorder attached to the system. There are various designs of 
diffractometers in use today but the basic principles are all the 
same. The diffractometer can be made more accurate than the photographic 
method but the photographic method has the advantage of simplicity since 
it does not require counter circuits, monitoring system and stabiliser (82).
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(d) Determination of Instrumental Broadening
The instrumental broadening can be obtained experimentally or by 
calculation (82), however, calculation of all forms of instrumental 
broadening is tedious and unreliable since one cannot be certain that all 
possible sources of instrumental broadening have been taken into 
account. It is, therefore, better to obtain an experimental measurement. 
This is done by mixing a substance (well-anriealed standard) whose 
crystallite size is known to be in excess of that which causes line 
broadening, (ie a substance with crystallite size in excess of 3000&) 
with the substance whose crystallite size is to be determined. Klug and 
Alexander (83) consider a well pulverised quartz powder as a suitable 
standard.
One method of securing similar conditions is to mix the standard 
and the specimen together and take a single photograph or line profile 
of the mixture, which will give both broad and sharp lines. This ensures 
that the experimental broadening is equally influenced in both sets of 
line by instrumental effects like specimen size, errors of centering 
and adsorption coefficients (82). The main disadvantage of this method 
is the difficulty in ensuring that lines from the two materials neither 
overlap with each other nor lie so close together as to make the 
estimation of the background difficult (82). Another disadvantage of 
this method is that instrumental broadening varies with Bragg angle and 
hence, the breadth of the sharp lines should be interpolated in order 
to find the instrumental broadening at the positions of the broad lines.
A better alternative probably is to take two line profiles, one of 
the material whose crystallite size is required, and another of the same 
material sufficiently annealed to render the instrinsic broadening 
negligible, and therefore, any broadening could be attributed to the
instrumentation. In this way overlapping is avoided and the lines 
occur at the same Bragg angles so that no interpolation is required.
Another way of determining instrumental broadening is referring 
to existing curves drawn for correcting X-ray diffractometer line 
breadths for instrumental broadening (80,81,83).
Jones (84) Stokes (85) et al have used different calculations to 
separate instrumental broadening from intrinsic broadening.
(e) Correction for the Ka Doublet Separation
As has already been pointed out elsewhere, the Ka doublet separation 
also causes broadening of line breadths and, therefore, in cases where 
these lines are not resolved, they must be corrected for.
The angular separation of the Ka^ and Ka^ components of the
X-ray radiation normally used for line-broadening measurements is a
function of the X-ray wavelength and the Bragg angle at which the
diffraction peak occurs. Thus, to rapidly determine the separation, d,
for a given wavelength and any diffraction angle, one can consult plots of 
diffraction angle 29, in degrees against Ka-Doublet separation, d, in degrees 
drawn from standard tables (80,81,86).
Brindley (82) has given an explanation for the calculation of the 
separation of the Ka^ and Ka£ components as:
where d is the separation of Ka doublet, r radius of the camera used, 
0, the Bragg angle, AX difference in the wavelengths of Ka^ and Ka2  
X wavelength of Ka^, X-radiation.
Husin (87) in his thesis gives the following expressiondfor finding the 
angular separation due to Ka  ^ and Ka2 *
A0 = 0a2 “
d
AX
2 r tan 0  — — (1)
(2)
where Aa^ and Aa> are the wavelengths of the Ka^ and Kc^ respectively 
and 2d^^ is the interplaner distance calculated from the Bragg equation. 
The A0 obtained is then converted into distance d corresponding to the 
chart used and the conditions of the experiment.
The next stage in correcting for the Ka doublet, having found the 
doublet separation d is to resolve the and 0-2 components of the line 
profile. A number of methods of resolving the and a2  components 
have been described. Rachinger (8 8 ) and Pease (89) have developed 
methods for the resolution.
The Rachinger*s method depends on the fact that the ratio of intensity 
of a-L to that of ( * 2 which has been confirmed by various workers (8 8 ) 
is 2 .
Having resolved the line profile into a-^ and 0 3  components, Rachinger 
then defines the integral breadth B of the component, which is the 
quantity that has to be determined as:
„ Area enclosed by a-, curveB =    1-- 1-----
Peak height of curve
Jf(x-d) dx _ I f(x)dx (4)
Im Im
2/3 (area enclosed by the composite + a 2  curve
Im
Brill (90) and Jones (84) have also on different assumptions obtained 
methods for the determination of Im. Rachinger has criticised the 
methods of Brill and Jones because, Brill's method is based on the 
assumption that the doublet components are triangular, which is not true. 
Rachinger's main criticism, in the case of the Jones method, is that it 
is tedious and also risky since the assumed function is determined from 
microphotometer records of lines from large strain free crystals and,
therefore, may not be representative of the shape of the line after 
broadening.
(f) Definitions of Line Breadths
Two definitions of line breadths have bean in use widely (82):
i
1 . the half-peak breadth (8 f)', which is defined as the angle between
2
the two positions at which the intensity is one-half the peak 
value.
2. the integral breadth or Lane breadth (3 .^) attributed to von Lane (91) 
is defined as the intensity integrated with respect to angle 
divided by the intensity at peak (82), ie
. jf(x) dx (
I Im
If the actual line profile were replaced by a line of rectangular 
profile, having the same total intensity and the same height, then the 
breadth of this line would be equal to the integral breadth of the 
original line.
Of these two definitions, the half-peak breadth is more readily 
derived from a given line profile, but it has the disadvantage of
 ^•
being less easy to compare with mathematical theory than the integral 
breadth and also the methods of correcting measured line profiles 
for the effects of instrumental broadening are more readily applicable 
to integral breadths (82).
Several expressions have been developed to calculate 8 , the pure 
diffraction breadth, due to crystallite size effect alone. Scherrer 
gives the following simple definition of the line breadth (92):
8  = B - b (2)
where 8  is the pure diffraction breadth due to crystallite size effect,
B is the observed diffraction peak breadth, and b is the instrumental 
broadening. The above expression suggests that when lines are broadened
by two causes acting simultaneously, the breadth of the line is 
additive but this is not necessarily true (82). Warren and Taylor (93) 
have shown that the relation is really;
3 = 4 B2- ?  ' (3)
Taylor (92) gives still a more satisfactory relationship;
6  = {(B-b) / b W  } 5 (4)
which makes allowance for the crystallite size distribution. Equation (4) 
is the geometric mean of the values in equations (2) and (3). Since 
experimental accuracy seldom exceeds 1 0 % it leaves little to choose 
between equations (3) and (4) (92).
Williamson and Hall (93) have derived a more accurate and rigorous 
expression for the determination of the true diffraction peak breadth 
3, which corrects for strain and crystallite size broadening. This 
derivation is based on Stokes’ and Wilson's (94) expression for the 
integral breadth caused by the strain and Sherrer and many other workers' 
equation for crystallite size broadening. Wheeler (95) has also 
derived a similar expression for 3 «
(g) Determination of Lattice Parameters
The accurate determination of lattice parameters or constants (unit 
cell dimensions) is of great theoretical importance in investigations 
of solid state (83). For instance, such data have been essential to 
the development of more satisfactory concepts of bonding energies 
in crystalline solids (83). Precision measurements of lattice parameters 
are also useful in the check on compound homogeneity, oxygen to metal 
ratios of compounds. True densities and thermal expansion coefficients 
of many materials can also be ascertained by measuring lattice parameters.
Several methods of determining lattice parameters have been 
developed and some of these have been reviewed by Klug and Alexander (83), 
Barret and Massalski (96) and others. Methods like Kettmann's 
extrapolation against '0, Cohen's least-squares method and several 
others have been discussed’by Klug and Alexander (83).
Towner (97) has outlined analytical and graphical methods of 
determining lattice parameters for cubic systems. In the analytical 
method, several 'a' (lattice parameter) values are determined for each 
hkl reflection. The 'a' values are plotted against the Nelson-Riley 
function (obtained from tables) and then the method of least squares 
is used to obtain the best straight line which can be extrapolated 
to 0 = 90° to give the lattice parameter. In the graphical method, 
d, the interplaner distances and their corresponding 'a' values are 
determined for various hkl reflections. To determine the lattice 
parameter, vertical lines are drawn at the determined 'd' values.
These lines should intersect the various hkl lines on the graph at a 
constant 'a' value. This can index the reflections, and hence determine 
the lattice, and obtain the lattice parameter.
2.5.5 Examination of Gel-Precipitated (U/Th) Oft + x) Surfaces by 
Scanning/Transmission Electron Microscope
(a) Introduction
The Scanning Electron Microscopy (SEM) is a very useful tool in any 
laboratory in that, it is the basic non-destructive technique which 
is used to examine a surface (external and internal) and thus enable one 
to form the preliminary conclusions (98).
Among several other uses in the field of metallurgy, the SEM is used 
for observing fractured surfaces. In the field of powder technology, 
the SEM can be used to examine both the external and fractured surfaces 
and thus reveal the porosity and grain structure of the specimen.
Castle in his contribution to (98) concluded by saying that "SEM 
is unchallenged as a means of establishing author/reader rapport in any 
paper dealing with the complex formations of phases, grain structure, 
crystal habit, pores, layer or texture of any kind."
The Scanning/Transmission' Electron Microscope (STEM) is also very 
important. It can be used for elemental analysis and its distribution 
among other uses.
(b) Basic Working Principle of SEM
Hearte (98) has listed the essential features of a SEM as:
1 . an electron source,
2 . a means of focussing a tiny spot of electrons from the 
source on the specimen,
3. a means of scanning the spot across the specimen,
4. a means of detecting the response from the specimen,
5. a display system, capable of being scanned in register 
with the incident scan,
6 . a means of transmitting the response from the specimen 
to the display system.
In the SEM an electron source (gun) emits electrons and 
accelerates them to an energy between about 2KeV and 50KeV. The 
electron beam is demagnified by a series of two or three condenser 
lenses until it attains a diameter of only 5-10nm as it hits the 
specimen (99). The electron beam releases secondary electrons, 
backscattered electrons, characteristic X-rays, and several other types 
of radiation from a small part of the specimen (100). There are two 
ways in which these signals can be used. Either the beam remains 
stationary at a point to give, for example, an X-ray analysis or an 
Auger electron analysis at that point, or it is scanned in a television 
raster to obtain information over an area.
- 61 -
Depending on the type of the electron microscope a resolution (the 
smallest separation of two points which the microscope can detect as 
being separate entities (99) of 5& (0.5nm) (100) can be obtained.
(c) Sample Preparation'
For any sample to be examined by SEM, there is one essential 
prerequisite (99), for effective viewing; the surface of the specimen 
must be electrically conducting. Goodhew (99) explains why the 
surface of the material should be electrically conducting as follows:
If the number of electrons (both secondary and ’reflected1 primaries) 
per unit time is expressed as current and assigned the value ig, and 
the number of primary electrons incident on the surface per sec. is 
ip, the electron yield is expressed as the ratio:
e = i / i (1 )y s p '
For almost all materialsj varies with the primary beam as shown
in fig.9.
VcVc 2 Accelerating voltage
Fig. 9 Secondary electron yield versus Accelerating Voltage 
This figure shows that there are only two operating voltages 
for the microscope where the yield is unity and hence electrons are 
leaving the surface at the same rate as they are hitting it. For most 
materials these two crossover voltages (Vc^ . and Vc£) are much lower 
than the operating voltage of the microscope and hence, during normal 
operation there is a surplus of electrons building up on the specimen
surface. If these are not conducted away to earth the specimen surface 
will become negatively charged until very soon the incoming primary 
electrons are repelled and deviated from their normal path. This 
results in a distorted *image being formed.
There is no difficulty in studying metal specimens. For non­
conducting materials, there are two ways of overcoming the charging 
problem.
1 . the electron microscope must be operated at an electron accelerating 
voltage corresponding to the second crossover voltage VC 2  or;
2 . the specimen surface must be metallised, ie made to conduct 
electricity before being examined in the SEM.
The disadvantage of the first method is that the accelerating 
voltage has to be reduced to a few kilovolts, which makes for poor 
resolution. It is also difficult to obtain a non-charging surface 
for materials such as wood and paper even at low voltages. Consequently 
the second method involving coating the specimen with a conductor is 
usually employed.
For both quantitative and qualitative elemental analysis and its' 
distribution using the STEM, very thin sections of the specimen are 
used.
31. Experimental
3.1 Introduction
All the samples investigated in this work were prepared at 
AERE, Harwell and delivered as dry gels (xerogels). Differences in the 
preparation conditions between samples are provided by AERE and all other 
information is given on a ’need to know’ basis.
Samples investigated included aged and unaged spheres, variable 
Uranium to Thorium ratio, spheres prepared with polymer from different
sources and concentrations, and spheres of different sizes.
The approach used in this work was to debond and sinter the 
xerogels to different temperatures, and to characterise the samples 
by various techniques which include surface area measurements, true (CC14) 
and geometric (Hg) densities determinations, crystallite size analysis, 
porosity calculations, determination of the strength of some of the 
spheres, and by direct examination of whole and cleaved spheres by 
Scanning/Transmission Electron Microscope (STEM).
Each batch of sample is given a code name usually of the form 
Cn(T). The C refers to batches where the heavy metal ratio, ie U:Th 
is 70:30. n is the batch number and T is the maximum temperature to 
which the material was debonded. For example 027(275) means, sample 
of batch 27 debonded to 275°C. Cn(XG) refers to xerogels (dried samples) 
and Cn(FD) refers to fully debonded spheres (ie debonded to <350°C and 
held for 4 hrs). Where the heavy metal ratio is not 70:30, various 
code names have been given and are described in the succeeding sections.
3.2 Topics Covered and Details of Materials Used
3.2.1 Topics Covered
(a) Aged and unaged spheres
(b) Exposure of the spheres to the atmosphere
(c) Polymer type or source
(d) Heavy metal composition
(e) Sphere size
(f) Polymer concentration
3.2.2 Details of Material Used
3.2.2.1 Materials used to study the effect of ageing
Gel
Code
Polymer
Code
Polymer
Source
Polymer
Reference
Ageing
Medium
Ageing 
. Time(hrs)
Date of Gel 
Preparation
C24 Type 2 AERE 2.62 not aged - 1.6.79
C27* Type 2 AERE 2.62 not aged - 3.7.79
C29 Type 1 BNFL 2 . 8 8 not aged - 5.7.79
C30A Type 1 BNFL 2 . 8 8 not aged - 9.7.79
C31 Type 1 BNFL 2 . 8 8 steam 1 11.7.79
C32 Type 1 BNFL 2 . 8 8 hot water 
at 60°C
1 12.7.79
The U:Th ratio of the above materials was 70:30 percent.
* C27X - spherical fraction (undeformed) of batch 27 
C27Z - deformed fraction of batch 27 
C30A - was soaked in cold water for 4-5 hours
Together with the above materials, 100% U (ADU) material (unaged) 
supplied by Springfields, was also investigated.
3.2.2.2 Materials used to study the effect of polymer type (source)
Gel
Code
Polymer
Code
Polymer
Source
Polymer
Reference
Date of Gel 
Preparation
C33 Type 1 BNFL 3.09 18.12.79
C34 Type 1 BNFL 2 . 8 8 20.12.79
C35 Type 1 BNFL 2.33 3.1.80
C36 Type 2 AERE - 8.1.80
C37 Type 1 BNFL 3.09 9.1.80
All the above materials were subjected to only minimum ageing after
precipitation, and the U:Th ratio was 70:30 per cent by weight.
3.2.2.3 Materials used to study the effect of exposure to the atmosphere ■
i
C33 (XG) - xerogel (XG) sealed in vial under air
C33 (410) - partially debonded material, heated in CO^ at 'v-l deg C/min
to a maximum temperature, t max = 410°C, then cooled and
sealed under CO2
C37 (750) - partially debonded material, heated in CO2  at ^ 1 deg C/min to
a maximum temperature, t max = 750°C and then cooled and
sealed under CO2 .
3.2.2.4 Materials used to study the effect of heavy metal composition
Unaged Aged in hot water at 80°C/lhr
Gel
Code
U
(%HM)
Th
(%HM)
Date of Gel 
Preparation
Gel
Code
U
(%HM)
Th
(%HM)
Date of Gel 
Preparation
D3 1 0 0 0 2.9.80
N1 98 2 3.9.80 N2 98 2 17.9.80
Ml 90 1 0 13.8.80 M2 90 1 0 14.8.80
C40 70 30 23.9.80 C41 70 30 25.9.80
L2 50 50 19.8.80 L3 50 50 20.8.80
G2 1 0 90 11.9.80 G3 1 0 90 16.9.80
E7 0 1 0 0 28.8.80
All the above gels were made with BNFL 3.09P polymer solution. The wet 
gels were dewatered with solvent, then desolvated with air (RH ^20%) 
at room temperature.
3.2.2.5 Materials used to study the effect of sphere size
(a) CT/UT/S(XG) - U/Th secondary (fine) xerogel spheres.
CT/UT/P(XG) - U/Th primary (coarse) xerogel spheres.
The above materials were prepared in the Chemical Technology (CT)
section of AERE. The U:Th ratio was 70:30%, by weight.
(b)
Coarse Fine
Gel
Code
Average 
weight/ 
sphere(mg)
Average
Sphere
Diameter (mm)
Ageing
Medium
Gel
Code
Ageing
Medium
PA(1500)1 2 0 . 0 3.1 not aged PA(250)1 not aged
PA(1500)2 19.5 3.9 hot water 
at 80°C 
for lhr
PA(250)2 hot water 
at 80°C 
for lhr
The U:Th ratio in the above materials was 70:30% by wieglat.
3.2.2. 6  Materials used to study the effect of polymer concentration
Gel
Code
U : Th 
Ratio
X Normal
Polymer Concentration
Ageing
Medium
J2 70:30 i4 not aged
J3 70:30 14 hot water at 80°C/lhr
H2 70:30 12 not aged
H3 70:30 12 hot water at 80°C/lhr
13 70:30 2 not aged
14 70:30 2 hot water at 80°C/lhr
3.3 Heat Treatment
3.3.1 Debonding
Debonding as defined elsewhere is the heat treatment step which 
is carried out to remove or decompose the polymer and other volatiles.
The xerogels (about 2mm in diameter) were debonded in batches 
of two. Each batch consisted of unaged and aged xerogels placed 
separately in two alumina crucibles with inside and outside diameters
i
of 2.6 and 3.2cm respectively and a depth of 2.2cm. The two crucibles 
were placed side by side in a carbolite tube furnace with inside and 
outside diameters of 5.4 and 6 cm respectively. The atmosphere was 
flowing CO2  (flow rate 2 litres/min). The heating rate used was 
'vl deg C/min. The flow and heating rates were recommended by Stringer 
and Russell (16). Probably this slow heating rate was chosen because 
the xerogels contain polymer and other organic reagents, and under normal 
conditions, organic materials char at temperatures above 150°C and 
oxidise and burn out at temperatures ranging from 300-400°C (113).
It is, therefore, necessary to heat at a slow enough rate for this 
process to be completed before shrinkage becomes substantial so that 
no carbonaceous materials, which act as a reducing agent, are sealed 
off during the debonding process.
The temperature inside the furnace tube was measured with Pt 13% Rh-Pt 
thermocouple encased in recrystallised alumina placed above the 
two crucibles. The uniformity of temperature was within +5°C across 
the crucibles.
Apart from the fully debonded samples which were heated to 850°C 
and held at temperature for 4 hrs, all the partially debonded spheres 
were heated to the desired temperatures and then furnace cooled to room 
temperature with the gas flowing. The heating programme was controlled 
with an Eurotherm Programmer.
3.3.2 Sintering
Fully and partially (700°C) debonded spheres of unaged and aged 
samples were sintered in Morganite tube furnace which could heat up to 
a maximum temperature of 1700°C. The inside and outside diameters of
the tube were respectively 3.2 and 4cm. The sintering atmosphere 
was Ar/4% ^  flowing at 1 litre/min.
The debonded spheres were sintered in batches of two in a two 
chamber molybdenum bo^t 4cm long, 1cm wide and a cm deep. Each batch 
consisted of fully and partially (700°C) debonded spheres separately 
put in each chamber. The samples were first heated slowly at ^1 deg C/min 
to 200°C and then ^5 deg C/min to the required temperature. The initial 
slow heating was carried out to expel physically adsorbed water and 
other volatiles.
A Pt 13% Rh-Pt encased in recrystallised alumina was used to 
measure the temperature. Both constant-rate-of-heating (CRH) and 
isothermal sintering experiments were performed.
3.4 Surface Area Measurements
3.4.1 High Speed Surface Area Analyser
3.4.1.1 Introduction
Model 2200 High Speed Surface Area Analyser was used to determine 
the surface areas of the samples in this work. This model measures 
the total surface area of finely divided or porous materials and 
automatically presents the surface area result as a direct, digital 
readout. This instrument utilises a concept modified from the 
classical B.E.T. low-temperature gas adsorption technique, and is fast 
and simple to operate. Total time for a surface area analysis from 
start to finish requires about one hour. After degassing a sample, 
the surface area may be determined in approximately 20-30 minutes of 
operating time (113). Three samples can be in various stages of 
analysis at any one time. The surface area of the sample is presented 
on the front panel. No calculations are required to determine the 
surface area or dead space.
3.4.1.2 Principle of Model 2200 High Speed Surface Area Analyser
This model employs a variation of the classical B.E.T. volumetric 
technique. Traditionally a test consists of determining an adsorption 
isotherm, i.e. a record of the amount of gas adsorbed by a previously 
conditioned sample as a function of the pressure at liquid nitrogen 
temperature, and then establishing the point on the isotherm where 
the monomolecular layer of adsorbed gas existed. The surface area 
of the sample is then calculated from the data as to the quantity of 
a gas forming this layer and a knowledge of the number of molecules 
in the quantity of gas and the area occupied by a single gas molecule (113).
In the Model 2200, the complete isotherm is not determined. Instead, 
a preset condition within the linear region of the B.E.T. equation 
(113,114) is established. The Model 2200 then operates on measurements 
of the gas required to achieve this condition, and converts the 
result to the actual surface area of the tested material. The answer 
is displayed as sample surface area in square meters. This is indicated 
to one-tenth of a square meter.
3.4.13 General Description and Operation of the Instrument
A detailed description and operation of the Model 2200 is given 
in the instruction manual (1 1 2 ), and therefore, only a brief description 
and operation will be given here.
The front panel (fig.10) and the basic construction of the 
instrument is shown in fig.11. It consists of three sample holders; 
three two-section valves; two pressure sensors, one of which is set 
at the required pressure within the linear B.E.T. equation region; a
variable volume chamber and associated piping and connectors. The entire
system, except for the sample holders, is maintained at a fixed preset 
temperature. Electronics, controls, and auxilliary systems are not
Fig. 10 The -Front Panel of High Speed Surface Area Analyser
JTL
f u-j gh Speed Surface Area Analyser
Fig. 11 The Basic Construction
indicated on the diagram (fig.1 1 ) (113).
As the valves are arranged on the diagram, (fig.2), a sample on 
the left is being degassed, i.e. prepared for analysis, the centre 
sample is being analysed, and the valve on the fight is closed for 
sample changing. Degassing of a sample is accomplished by flowing 
dry nitrogen through the sample at an elevated temperature. The 
temperature is regulated by individual instrument panel controls and 
is indicated by a front-panel pyrometer. Water and other vapours 
previously adsorbed on the sample surface are boiled off and flushed 
from the system. If a sample material cannot be heated to elevated 
temperatures, degassing can be satisfactorily accomplished by placing 
the sample in a vacuum chamber and allowing it to evacuate for a 
period of time (113).
After the sample has been degassed, it is cooled to a fixed temperature. 
The gas pressure in the system associated with the sample, including 
that of the variable volume and pressure detector, is allowed to come 
to the higher of the two fixed pressures. The sample is then 
immersed in liquid nitrogen. When the sample is cooled to liquid 1 
nitrogen temperature, the gas pressure decreases due to the change in 
temperature and the gas being removed by adsorption onto the sample.
The magnitude of the shift is a measure of the gas adsorbed, thus, the 
surface area of the sample. The quantity of gas adsorbed on the surface 
of a sample is measured and converted to surface area, which is 
displayed by a digital readout on the front panel. Colour-coded 
indicator lights show when a measurement is completed, so that the 
operator need be in attendance only to initiate the test.
3.4.1.4 Sample Preparation
No special sample preparation is ordinarily required, however, 
because in this work, radioactive materials are being studied, they 
must be handled with care.
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The sample bulb was thoroughly cleaned with water and acetone and
allowed to dry. The sample bulb was weighed empty and weighed again
after a quantity of sample had been introduced to obtain the weight
of the sample in order1 to express the result as a specific surface
2area, i.e. square meters per gram (m /g). This weight is best obtained 
after the test when thorough degassing has been accomplished.
The xerogels were not degassed because1 these samples were prepared 
and dried at room temperature, and hence, degassing at any higher 
temperature might cause a permanent change in the structural 
characteristics of the material. They could have been degassed under 
vacuum but the equipment used was not equipped with such a facility.
The rest of the samples (partially and fully debonded) were analysed, 
first without degassing and then after degassing. To get direct 
correlation between the results, all the samples were degassed at 
200°C for 60 minutes.
3.4.1.5 Accuracy and Reproducibility
Optimum accuracy is obtained with this model when the sample to
2be tested has approximately 50m of total surface, but as little as \
2 2 
10m , or as much as 150m can be analysed quite accurately. Surface
area results obtained with this instrument should be both accurate
and reproducible to +5% or less (113).
3.4.1. 6  Surface Area Versus Time Study
In the course of this work, it was found that exposure of the 
spheres to the atmosphere or if the containers (vials) are not properly 
sealed, affect their surface areas. The samples C33 (XG), C33(410) and 
037(750) as described in section 3.2.2.3 were prepared and used to 
investigate the effects that time of exposure to the atmosphere has on 
the spheres.
Five samples of each batch were sealed in vials. Each sample was 
divided into two parts A and B. Part B was exposed uncovered to the 
atmosphere and part A which had only a minimum exposure to the 
atmosphere during the ‘division was sealed. Studies were made over a 
time spanning over eleven weeks.
3.5 Mercury Porosimetry Measurements
3.5.1 Mercury Pressure Porosimeter
3.5.1.1 Introduction
The cummulative pore volume, size and distribution of the spheres 
were determined using Mercury Pressure Porosimeter, Model 820. Model 820 
measures pores with radii in the range 93-75,000R. Macropore volume 
with radii over 75,000& was determined during the sample preparation 
by an ancillary dilatometer filling device and cathetometer.
3.5.1.2 Principle of the Mercury Pressure Porosimeter
The volume of mercury which penetrates the pores of the sample is
dilatometrically measured and automatically recorded as a function of
the pressure. The maximum pressure reachable with this model is 
2800Kg/cm . The applied pressure P and the radius of the pore R (in S) 
(mercury surface tension = 480 dyn/cm and contact angle 0 = 140°) are 
related as follows:
R = 75,000/P
This may be used to plot a graph from which pore size and volume are 
calculated (77).
3.5.1.3 Macropore Volume Determination
The instruction manual (115) was followed in this part of the work.
In determining the porosity, the dilatometer type SM3, which has 
the following characteristics, was used:
Capillary diameter 3mm
Sample holder diameter 1 0 mm
f t f t height 30mm
Maximum pore volume detectable 0.665cc
The dilatometer was first thoroughly cleaned and a weighed quantity 
of sample was introduced. The ground glass part of the capillary cone
was lubricated with vacuum grease to obtain a good seal between the
capillary stem and the dilatometer vessel. After closing tightly the 
two parts, it was placed on its support on the filling device (fig.3) 
with the capillary end towards the hypodermic needle of the filling
device to obtain a seal on the gasket. The vacuum pump attached to the
filling device was switched on. The shut-off valve P was then opened 
and left for at least 30 minutes to ensure that enough vacuum was 
established in the dilatometer. When vacuum was established, the 
shut-off valve P was closed and the dilatometer was filled slowly and 
carefully with pure mercury by opening the valve M connected to the 
mercury reservoir. When the dilatometer was filled to within about 
2 cms from the top of the capillary tube, the valve connecting the 
system with the atmosphere A was opened, when a drop in the level of 
the mercury was observed. (At a pressure of one atmosphere, mercury 
will enter pores of radius bigger than about 75,000&.) (64). The drop 
was caused by mercury entering the macropores, i.e. pores with radius 
more than 75,000&.
The total mercury drop multiplied by the cross-sectional area gave 
the volume of mercury that penetrated into the macropores.
3.5.1.4 Measurement of Pore Volume, Size and Distribution of Pores
Ranging Between 93-75,000%.
The instruction manual (115) has detailed information about the 
operation of the instrument, so only a brief summary is given.
Before operation, the autoclave was thoroughly cleaned and a drop 
of mercury was placed on the cone at the base of the autoclave to 
ensure good passage of the current between the tungsten contact on the 
dilatometer and the insulated, electrode of the autoclave. The dilatometer 
was placed in the autoclave which was then filled with ethyl alcohol 
by switching the alcohol switch to off and opening the high pressure 
manual valve. The autoclave head was mounted and the fixing nut 
screwed by hand loosely onto it. The high pressure manual valve was 
again opened and when alcohol started to flow from the fixing nut, 
it was closed tightly and the high pressure manual valve was also 
closed. The rod on the autoclave was connected to the advancement 
motor shaft. The A/C power supply was switched on to ON 1. The 
recorder chart was zeroed and the recorder switch was turned on.
Analysis was started by pressing the starter button.
3 . 6  Density Determination
3.6.1 Introduction
The two techniques described below were developed in order to 
measure as accurately as possible the geometric (Hg) and true (CCl^) 
densities of the (U, Th) 0^ spheres. (Mercury and CCl^ are used 
because as has already been stated elsewhere, mercury at a pressure 
of 1 atm will only enter pores of radius greater than about 75,000%, 
while carbon tetrachloride will enter all but the finest pores.) 
(64,75,116)
3.6.2 Determination of Geometric (Hg) Density
The density bottle shown in Fig. 12(a) had a volume of about
3 .
6 cm and was closed with a BIO stopper; the capillary tube with
diameter about 0.4mm was fitted with a B7 cone at its upper end. For 
a density determination the bottle containing a known weight of sample 
is attached to tube A (Fig. 12(b)). The outer tube B is held in
position by vacuum grease and springs. After outgassing the sample at
-4 -5room temperature to a pressure of 10 to 10 mm Hg, the density 
bottle is slowly and carefully filled with mercury from the reservoir 
by opening the interchangeable P.T.F.E. 'O’ Ring Tap. (Since all the 
spheres investigated using this method had diameters greater than 
0.4mm, none escaped through the capillary. For samples with spheres 
of diameter smaller than 0.4mm an H-shaped density bottle and the 
method used is described in the second progress report submitted for 
this work (116). The bottle and a thermometer are placed in a 
beaker of water. When the thermometer showed a stable temperature, 
excess mercury is withdrawn carefully by using a syringe and needle 
until the level of mercury reaches a standard mark just below the 
cone. The temperature of the water and hence the mercury is noted.
The bottle is allowed to stand until the water outside the bottle 
completely dries up and then finally weighed. The filling of the 
bottle with mercury should be done slowly and carefully to avoid air 
pockets being formed below the stopper.
Appendix 1 shows how the geometric density of the spheres are ’
calculated. A straight line graph of mercury density with temperature
is consulted to find the density of mercury at the working temperature.
3.6.3 Determination of True CCl )^ Density
The density bottle and ancillary apparatus for determining the
true (CCl^) density are as shown in Fig. 13(a) and 13(b) respectively.
3
The density bottle (Fig. 13(a)) had a volume of about 5cm and was 
fitted with a BIO stopper. For a density determination, the bottle 
containing a known weight of sample is placed in the outer tube D.
Tube D is placed in position by the use of vacuum grease and springs. 
The sample is evacuated at room temperature to a pressure of 10  ^ to
-  I !  -
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10 mm-Kg. The density bottle is slowly filled with carbon 
tetrachloride (CCl^) from the reservoir by opening the P.T.F.E. 'O'
Ring Tap. When the inside of the apparatus reached atmospheric pressure, 
Tube D is detached and the density bottle with its contents withdrawn.
The bottle is filled completely with CCl^ and the stopper slowly 
and carefully lowered into the bottle to close it firmly. The closing 
of the bottle is done slowly so that no air pocket is formed below the 
stopper. The bottle is then slowly lowered by the attached wireiloop 
into a beaker almost full with clean CCl^. (The CCl^ in the beaker 
should submerge completely the density bottle.) A thermometer (0.1 deg C 
interval) is put in the beaker and the whole setup allowed to stand for 
at least one hour for the contents inside and outside the bottle to be 
in equilibrium. Finally, the temperature is noted and the bottle 
containing the sample and CCl^ is weighed by suspending the bottle 
in the beaker with CCl^ using the wire loop. The weighing is done 
when the enclosed atmosphere of the balance reached saturation with 
vapour (118). The temperature of the CCl^ is again determined just 
after the weighing to make sure that the temperature has not changed.
The calculation procedures of the True (CCl^) density and the pore 
volume and fraction are given in Appendices 2 and 3 respectively.
3.7 X-Ray Diffraction Studies
3.7.1 Introduction
Before discussing the experimental method used in this work, it 
is well to emphasise some of the limitations and conditions applying to 
crystallite size measurements by X-ray diffraction. As already stated, 
the general method is essentially limited to the measurements of 
crystallites in the 20-3000^ size range. Even within this range, 
the sizes measured are usually average values, weighed towards the 
larger crystallites, rather than-absolute sizes, and the reliability
with which dimensions can be obtained decreases markedly as crystallites 
approaching the upper size limit are studied. Rau (81) gives the 
accuracy with which crystallite sizes can be determined by X-ray line 
broadening methods to be within 25-50% of absolute.
3.7.2 Crystallite Size Determination f
3.7.2.1 Seimens Diffractometer
The equipment utilised for this work whs the Seimens diffractometer, 
in which a stabilised X-ray generator incorporating a Goniometer and a 
proportional counter are linked to scalars and a recording consul. The 
X-rays are generated by a copper target tube operating at 35 kV and 20 mA. 
Monochromatisation of the X-ray beam is achieved by the use of a nickel 
filter. The X-ray beam was collimated with slits, the sizes of which 
depend on the angular range. The normal angular range and slit size 
for a Seimens diffractometer for minimum instrumental contribution 
to the width and adequate sensitivity is as follows (87):
2 0  angle beam slit size receiving slit size
below 45° 1° 0.1°
45-90° 2° 0.1°
90-145° 4° 0.2°
The diffraction profiles were recorded automatically using a ratemeter 
with a time constant of one second. The profile traces were recorded 
at 2.5° (20) per minute.
A preliminary survey was made for each sample by a fast scan to 
locate the 2 0  angles where the most significant peaks occur and then 
adjusted the intensity accordingly. In all cases it was found that the 
most intense peak occurred at about 28.2° (2 0 ) which is the (1 1 1 ) peak. 
Hence the useful angle range was from 45° to 20° (20). A beam slit 
size of 1 ° and a receiving slit size of 0 .1 ° were, therefore, used.
After locating the peak the profile trace is recorded at a slow rate 
of 2.5° (20) per minute.
3.7.2.2 Sample Preparation
A number of sphere? of each of the samples was ground in an agar 
mortar to approximately 2 0 0  mesh and then packed carefully into a 
1.5cm opening (recess) in a plastic holder. It was found that for 
the samples studied, no special binder was,necessary to aid the packing.
Approximately the same amount of material was taken for each run 
so that adsorption of X-rays in each sample would be the same, and 
hence allow a direct correlation of the observed total scattering 
instensity from the different samples (1 2 0 ).
3.7.2.3 Determination of Instrumental Broadening
The broadening of the profiles arising from the instrumental effects 
were obtained by two separate methods. In the first method, a line 
profile of (U, 30% Th) O 2 , (composition of material being investigated 
in this study) was ground and annealed at 1200°C for 3 hours. The 
annealing ensured that the grain or crystallite sizes were large enough 
(> 3000&) to render the intrinsic broadening, i.e., broadening due toi 
the crystallite size and strain negligible. The use of the same material 
also ensured that the peaks of the profile occurred at the same 2 0  angles. 
In the second method, the instrumental broadening was obtained from 
quartz (Si0 2 ) powdfer profile. The peaks of the quartz profile fell 
at almost the same 2 0  angles as the materials being investigated and 
hence no extrapolation was necessary. In both cases a broadening of 
about 0.225° was obtained.
Initially the integral breadth method was used to calculate the 
crystallite size but this was abandoned in preference to the half­
maximum intensity, because the former method involves a lot of work
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and does not compensate for the accuracy or precision in the results.
In the integral breadth method, the Ka^ value of Cu radiation was used 
and the Ka~doublet broadening was resolved by the use of Rachingers
i
method (8 8 ).
In the half-maximum intensity method, line breadths were obtained 
by measuring the recorded peak widths at half-maximum intensity, and 
final crystallite sizes were then determined by using the Scherrer 
equation:
D = K_A (1)
3 cos0
3 = /B2  - b 2
where 3  = corrected line breadth at half-maximum intensity,
B: is the measured broadening at half-maximum intensity, b is the
instrumental broadening at half maximum intensity = 0.225°
K = 0.9
0 = Bragg angle
X ~ X-ray wavelength (in this study Cu-Ka
radiation was taken as 1.540562)
Substituting the values in equation 1 gives
D = 0.9 x 1.540562 x 57.3 (changing 3 into radians)
3  cos 0
= 79.447
3  cos 0 *
3 . 8  Scanning Electron Microscopy
3.8.1 Examination of the Sample Surfaces by Scanning/Transmission 
Electron Microscopy
3.8 .1.1 Introduction 1
The particle morphologies of the spheres were directly examined 
by using the Scanning/Transmission Electron Microscope (STEM) Model 
Jeol 200CX and the Cambridge Stereoscan 250 with resolutions of 
40 and 60& respectively. A magnification in excess of 200,000 (200K) 
times can be obtained from both instruments but at these magnifications, 
one would be working at the limits of the instruments and, therefore, 
the images obtained are not very sharp. About 100K is the practically 
useful maximum. The accelerating voltage used in most of this work was 
20kV. In both instruments, the specimen chambers will accept fairly 
thick specimens, and the stage can be moved and rotated to enable the 
specimen to be viewed from different angles.
tyith scanning electron microscopy, most specimens require little 
or no preparation; normally it is necessary only to stick or clamp 
the specimen onto a small removable metal stub in the stage. There ■, 
need be no polishing or etching of surfaces, and since large samples 
can be accepted, there is no need to cut thin sections (125). With 
insulating specimens like ceramics which are non-conducting, the 
surface must be made to conduct electricity and prevent charging by 
giving them a thin conducting layer of evaporated material (see below) .
3.8 .1.2 Sample Preparation
Specimens of spheres were fractured either by splitting them 
between a pair of tweezers or with an agate mortar and pestle and 
one or two portions placed on the specimen stub with the fractured 
surface facing upwards. This allows for the examination of the 
internal morphology. Two or more whole spheres are also placed on
the stub beside the fractured pieces so that the external surface can 
be examined. The specimens are held in position by placing them on 
drops of Durofix which had been put on the stubs. The free spaces on 
the stubs were coated with silver DAG to conduct away any charge. The 
samples were allowed to dry. If the specimens are to be examined by 
the STEM 200CX, they are put in a vacuum chamber for at least one hour 
Since the materials being investigated in this work (U, Th) are 
ceramics and, therefore, do not conduct electricity, they were coated 
with a thin layer of gold by vacuum evaporation using gold sputtering 
equipment. Gold is used because it is an efficient emitter of 
secondary electrons.
The coating was made thick enough to conduct away excess charge. 
After the coating the sample(s) (up to eight in the case of the 
Cambridge 250) were placed in the SEM. For the STEM 200CX, only one 
specimen can be examined at a time. Magnifications of 200K and mostly 
50K and an accelerating voltage of 20kV were used for the fractured 
specimens. The magnifications used for the external surfaces varied 
between 2K and 10K. Micrographs were obtained using either polaroid 
or EP4 films.
3.8.2 Qualitative and Quantitative Elemental Analysis
Specimens were anslysed in the Structural Studies Unit's Philips 
EM400 Analytical T.E.M. to examine both qualitatively and quantitative 
the distribution of U and Th in both aged and unaged spheres. Some 
specimens were also sent to Stoter (126), an Applications Specialist 
at Electron Optics, Philips Analytical Department, Cambridge. At 
Cambridge, the specimens were analysed in a Philips EM400T using 
Electron Energy Loss Spectrometry (EELS) and Energy Dispersive X-ray 
analysis (EDX), with a view to determining quantitatively the
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distribution of carbon, which cannot be analysed with the Department’s 
equipment.
In both the worts carried out in the Department and at Cambridge, 
thin sections of the specimens were made and spread on carbon support 
films. Some specimens were soaked in water for over 24 hours before 
cutting thin sections for examinations. It was found very difficult 
to cut thin sections from the specimens so some of them were soaked 
in water to see if this would make the cutting of thin sections easier.
In the end it was found that it was not made any easier.
Also some fractured spheres were spread in resin, coated with a 
thin layer of carbon and quantitatively analysed using an electron probe 
analyser.
3.9 Determination of Strength of the Spheres
3.9.1 Introduction
The method and terminology used in this part of the work are given in 
a paper obtained from Russell and Stringer (118).
Deformation, D, is used to describe the change in diameter of the
't
sphere in the direction in which the load is applied. D is the ratio
Ad/d where Ad is the reduction in diameter and d is the original diameter.
Fracture strength, Tf, is a notional value which is based on the
tensile stress, Tt, generated in an elastic sphere under uniaxial
2
compression, where Tt = KP/r where K is a constant, P is the applied
2load and r is the radius of the sphere. The expression P/r is used
to provide comparisons of Tf for spheres. It is assumed that while the
crushing nature of the deformation and the brittle mode of failure are
2
common features, then the use of P/r to make comparisons is justified.
Compliance, C, can be considered as the reciprocal of elastic 
modulus and, in the sense that the objective is to identify a readily
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deformable sphere, it is thought more appropriate to use this 
parameter. For example, given two plastic spheres of different origins, 
then the one requiring a smaller load to achieve a given deformation 
will have the greater compliance and, all other things being equal, 
would be preferred in a cold pressing operation.
3.9.2 Compressive Testing of the Spheres
The fracture strength, compliance and other related properties of 
some of the spheres were obtained using an Instron machine. The ball 
crushing device shown in Fig. 14 was designed with the assistance of 
Bader (127). The window in the sleeve body is to allow the 
experimenter to observe what is going on as the sphere is being crushed. 
The perspex sleeve is attached to the sleeve body so that when the ball 
is crushed, the fragments are held back in the device. This precaution 
is especially necessary when a radioactive material like (U, Th) is 
being handled.
Before the crushing experiment, the diameter of the sphere was 
measured by a micrometer screw gauge. The sphere was placed on the 
lower anvil through the window. The plunger die with the loading pad 
was then slowly lowered until it just touched the sphere. The crushing 
device is placed on an instron machine and a load was applied to the 
loading pad. The load was gradually increased until the sphere 
fractured. The load necessary to fracture the sphere was easily 
obtained from a chart-recorder attached to the instron machine.
For each sample investigated, ten spheres were crushed and the 
mean values for deformation D, failure stress 6 c, and Compliance and 
the standard deviations calculated.
3.10 Activation Energy of Sintering by the Dorn’s Method
3.10.1 Introduction
The Dorn's method, most commonly used to measure the activation 
energy of creep (103) was used to study the activation energy of
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Fig. 14 Ball Crushing Device not to scale
sintering. Ideally, this method is suitable for a pellet compact.
The pellet compact is sintered and the shrinkage of the compacts 
during the sintering is followed by measuring their dimension normal 
to the direction of compression using a dilatometer. The advantage 
of using a pellet compact and a dilatometer/is that, only one sample 
can be used to determine the activation energy.
It is not practicable to use a dilatometer when studying the
sintering behaviour of a batch of spheres to determine the 
activation energy. It is also not possible to use only one batch of 
spheres. This is because unlike a pellet, the shrinkage rate cannot 
be followed by placing the pushrod of the dolatometer on the batch 
of spheres.
3.10.2 The Sintering Procedure
Spheres were used in the investigation of the Activation Energy
so the procedure as outlined by Bacmann and Cizeron (103) was modified.
It must be emphasised here that, not withstanding the modification,
this method could still not be relied upon for accurate results and
\
the reasons for this will become clear later.
In this method, batches of spheres of the same sample were
isothermally sintered at about 1200°C for various durations, 0.2, 0.3, 
0.5, 0.7 hrs, etc. The sintering for 0.7 hrs is repeated but at the
end of the second run, the temperature is instantaneously raised by
about 40 deg C in about 5 mins. The sample was held at this new 
temperature for further 0.1 hr. The sintering was done under an 
atmosphere of Ar + 4%
The average diameter of the spheres and the shrinkage were 
calculated from the geometric densities determined using mercury.
The calculation of the average diameter d is as described in appendix 4.
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A great deal of effort was made to make sure the conditions for 
each of the sintering run were the same. If they are not the same, 
then the result will not be valid. However, it is difficult to 
have the same conditions for. -each run, if batches of spheres are 
sintered at different times. For example, the gas flow-rates might 
alter, the sample may not be at the same point in the furnace, etc.
It should be pointed out here that this experiment is being done just 
to get an idea of the activation energy and thereby to identify the 
sintering mechanism.
When the sintering runs have been completed and the geometric 
densities determined, the average diameter of the spheres was determined 
from the following expression:
6
, h -----------  (from Appendix 4)
N* eHg
where N is the number of spheres in one gram and p is the mercury 
or geometric density.
Having determined the diameter of the sphere, the change in diameter 
(do-d), where do is the average diameter of the spheres at 1200°C and 
d is the diameter of the sintered sphere, is calculated. A graph of 
percentage deformation (% Ad/do) against sintering time is drawn and 
the shrinkage rates calculated from the graph.
With all the data available, the apparent activation energy Q., based
A
on the Dorn’s method (103, 107) is calculated from the following 
expression:
qA % R Tl T 2  In V:
T 1 "  T2 V2
where is the shrinkage rate at temperature (°K) just before 
the temperature change and V 2  is the shrinkage rate at Just after 
the change and R is the gas constant.
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4. Results on Xerogels and Debonded Materials
4.1 Introduction
The results of this work have been presented in the succeeding 
sections in tabular and/or graphical form, and whenever necessary 
scanning electron micrographs have also been given.
4.2 Differences in the Physical Properties between Aged and Unaged Spheres
4.2.1 Surface Area
The effect of debonding on the external surface of xerogels is as 
shown in Fig. 1. The most striking observation from Fig. 1 is the 
disappearance of the large cracks on the xerogels as the spheres are 
debonded. It can be seen that the cracks disappear even at a relatively 
low debonding temperature of 275°C. Another apparent effect of 
debonding is the shrinkage of the spheres with increasing temperature. 
Typical xerogels as shown in Fig. 1 would have an average diameter of 
about 2mm. By the time they are fully debonded, they would have shrunk 
by about 50% to around 1mm.
The change of surface areas (normalised) of unaged C29, C30A and 
steam aged C31 and hot water (60°C) aged C32 is as shown in Fig. 2.
The results were normalised by measuring the surface area of the same 
number (225) of spheres. The effects of outgassing and cleaving of 
the spheres on the surface area are illustrated in Table 1. Fig. 3 
shows the change of specific surface areas of unaged, aged and unaged 
100%U (ADU) spheres. The arrows show the specific surface areas of the 
materials after 3^ months in their sealed vials.
4.2.2 Crystallite Size
The crystallite size results obtained from AERE Harwell (130), of 
both unaged C24, C29, C30A and aged C31, C32 are plotted against 
debonding temperature in Fig. 4. The unaged xerogels are essentially
2
Table 1. The Effect of Outgassing and Cleaving on Surface Area (m /g)
Sample
Code
No
Outgassing
After
Outgassing
Cleaved
Spheres
(No Outgassing)
ADU(XG) 93.7 - 95.6
ADU(604) 64.5 72.2 57.1
ADU(680) 12.3 14.8 13.9
ADU(760) 3.0 3.4 —
C24(XG) 95.9 - 94.3
C24(604) 36.1 52.7 42.2
C24(650) 26.9 32.0 28.5
C24(760) 18.4 19.9 15.1
C24(840) 14.6 16.7 14.5
C27X(XG) 90.0 - -
C27Z(XG) 80.2 - -
C27X(275) 67.1 71.6 -
C27Z (275) 63.0 6 8 . 1 -
C27X(FD) 1 0 . 0 1 1 . 8 —
C29(XG) 119.5 - 94.5
C29(270) 79.3 87.1 74.4
C29(390) 6 6 . 8  (51.7) 77.3 (69.2) 65.5
C29(505) 68.7 81.8 65.4
C29(604) 70.4 (43.7) 76.4 (65.9) 55.0
C29(FD) 1 2 . 1  (1 2 .0 ) 12.8 (13.1) 1 2 . 8
C31(XG) 110.5 (67.8) - -
C31(270) 98.6 107.7 -
C31(390) 8 6 . 6 97.8 -
C31(505) 87.0 99.0 -
C31(604) 82.2 (62.4) 8 8 . 8 -
C31(FD) 1 2 . 0  (1 1 .0 ) 13.2
The values in parenthesis were determined 3^  months after the first 
(initial) readings.
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amorphous.- The aged xerogels, however, show some crystallinity but 
only the diffraction pattern for 'ammonium diuranate' (ADU) is 
observed indicating that the uranium is precipitated in the crystalline. 
ADU phase and can have one of the four hexagonal ADU crystal structures 
proposed by Cordfunke (132), but the thorium forms amorphous hydrous 
oxide IhC^.nl^O. After ageing the crystallite sizes (Table 2) are of 
comparable dimensions to the visible grains (Ca.l50$). On ageing some 
of the free ADU (discussed in section 5.1b) crystallizes then grow at 
the expense of others.
Table 2
Sample
Code
Ageing 
Med ium (0 0 0 2 ) (10X0) (IOT‘2 )
C31 steam 116 133 106
C32 hot water 
(60°C)
43 1 0 1 47
The crystallite sizes of Aged Xerogel Spheres.
The debonding converts both the amorphous structure of the unaged 
spheres and the crystalline ADU structure of the aged xerogels to the 
cubic fluorite structure of UO^- At about 300°C the UO^ is reduced 
to UO2  2 5  anc* the structure passes through an amorphous phase. By 
400° C a crystalline UO2  2 5  structure is established. Debonding up to 
604°C does not affect appreciably the crystallite size of about 50$ 
and the crystallite sizes of the aged spheres are slightly bigger than 
those of the unaged spheres (Fig.4). On further debonding at 
temperatures >600°C, the crystallite size increases sharply (Fig.4). 
This may be due to the removal of the skeletal carbon remaining from 
the decomposition of the polymer which inhibits crystal growth. (The 
inhibition effect of the polymer is discussed in 5.7.) After 600°C,
*0 
■
C27X(xG)
C27x(275) •
10x
10X
C27x(FD) 30x
Fig. 1 Effect of debonding on the (U,Th) spheres. Scanning electron 
micrographs of (a) xerogel, (b) spheres debonded to 275°C and 
(c) spheres fully debonded (debonded to 850°C and held for 4 hours)
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the formation of solid solution occurs for both aged and unaged 
spheres and the crystallite size is determined by the heavy metal 
composition and the temperature reached. The crystallite size 
increases to Ca. 28oR when fully debonded.
4.2.3 Density
The true (CCl^) and geometric (Hg) densities plotted against 
debonding temperature are shown in Fig. 5, which shows that the true 
density is similar for aged and unaged spheres. The true densities 
of all the (U, 30% Th) materials lie approximately on the curve shown
3
in Fig. 5. The true density ranges from around 3.4 to about 10.5 g/cm . 
For the 100% U(ADU) material, the true density departs from the curve 
after 600°C and increases sharply to about 10.9 c/cm^, which is greater
than 99% of the theoretical density (10.96 g/cm^) of pure UO 2 . It is
clear from Fig. 5 that the geometric density is highly dependent on the 
method of preparation of the spheres. The aged spheres have lower 
geometric densities than the unaged spheres.
4.2.4 Porosity
Figs. 6 a and 6 b show respectively the change of specific pore 
volume calaculated from the difference between the reciprocals of 
the geometric and true densities, and pore fraction of aged and unaged 
spheres with debonding temperature. Fig. 6  show that the unaged 
mixed oxide (U, 30% Th) materials give similar pore volumes and
fractions, with higher values for the aged materials. The pore fractions
of each batch of material remains nearly constant until the fully 
debonded stage.
Table 3
Sample
Code
Pore Volume 
( I _ 1 s Ac/g 
 ^ Hg CC1'
Pore Volume 
(Mercury Porosimeter)
f
C29(XG) 0.52 0.38
C29(270) 0.27 0.07
C29(390) 0.26 0.03
C29(505) 0 . 2 1 0.03
C29(604) 0 . 2 0 0 . 0 2
C29(FD) o ►—
* 
o 0.08
C31(XG) 1 . 0 0 0.84
C31(270) 0.72 0.47
C31(390) 0.67 0.44
C31(505) 0.63 0.35
C31(604) 0.59 0.38
C31(FD) 0.37 0.37
C32(XG) 0.74 0.60
C32(FD) 0.23 0 . 2 2
Comparison of Pore Volumes obtained from density measurements 
and from mercury porosimeter
In Table 3 is listed the pore volumes obtained from the two
methods; (1 ) the difference between the reciprocals of the geometric
and true densities and (2) mercury pressure porosimetry. It is
clear from the table that the mercury pressure porosimetry results
are lower than those determined from densities. The discrepancy
is due to two main reasons: (1 ) the mercury pressure porosimetry
used in this work had a very limited range. The maximum pressure
2attainable as stated elsewhere is 800 Kg/cm and therefore, cannot 
reach pores with radii smaller than lOoX. Similar work done at
AERE, Harwell (130), where a mercury pressure porosimeter which 
could reach pores with radii as small as 37$, has shown that the 
spheres have a' sigtiificatit number of pores with radii between 
37 and lOoR. (2) The ^compression of the spheres. The spheres 
debonded below 680°C are hot strong enough to withstand the mercury 
pressure. The spheres collapse under pressure and therefore, the 
readings indicated are not due to the penetration of mercury into 
the pores. Owing to the limitations encountered in this procedure 
to determine porosity, this part of the work was discontinued.
4.3 The Effect of Exposure to the Atmosphere on the Surface Area 
of the Spheres
Fig. 7 illustrates the effect that the time of exposure to the 
atmosphere has on the spheres. Plots A and B in Fig. 7 represent 
sealed (in vials) and exposed spheres respectively. Three different 
samples; xerogels, and spheres debonded at 410 and 750°C were used 
in this experiment. A similar investigation was carried out by 
Bansal (131), concentrating on the first few hours of exposure. The 
results of these two studies agree very well. The results of these ' 
studies indicate that, if the spheres are exposed, then the surface 
area decreases sharply in the first few hours, after which it decreases 
more slowly. The surface area remains nearly constant for the sealed 
spheres. The initial drastic fall is observed especially for spheres 
debonded below 750°C. The decrease of surface area in the xerogels, 
C33(XG) and spheres debonded to 750°C, C37(750) is more sluggish 
and it would take a long time, over three months (Table 1) before any 
appreciable decrease in surface area can be observed.
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4.4 The Effect of Polymer Type (Source)
The materials used to study the effect of polymer type or source 
are described in section 3.2.2.2. Polymers from two sources were 
used. Apart from C36 which was prepared with polymer (type 2) from 
AERE, Harwell, all the others C33, C34, C35/and C37 were prepared 
from polymer (type 1) from British Nuclear.Fuels Limited (BNFL). 
Table 4 gives the results of densities, pore volumes and fractions, 
crystallite sizes and average pore radius.
Table 4
Sample
Code
True
Density
£?>-■
Geometric
Density
Pore
Volume
< f !»
Pore
Fraction
Average
Pore
Radius(&)
Crystallite
Size
K
C33(XG) 3.43 1.33 0.46 61.18 74 -
C33(400) 6.09 2.51 0.23 57.73 6 6 45
C33(755) 9.76 4.22 0.13 56.76 128 156
C33(FD) 10.07 5.34 0.09 48.06 170 305
C34(XG) 3.21 1.39 0.41 56.99 64 -
C34(400) 5.98 2 . 2 2 0.28 62.16 76 47
C34(FD) 9.93 4.92 0 . 1 0 49.20 206 321
C36(XG) 3.48 1 . 2 1 0.54 65.3 97 -
C36(400) 5.71 2.27 0.27 61.29 95 45
C36(755) 9.71 3.78 0.16 61.07 188 158
C36(FD) 10.13 4.40 0.13 57.20 265 330
Dats£ for Spheres prepared with different polymers
Figs. 8  and 9 show how the specific surface area and pore fraction 
respectively vary with polymer type and debonding temperature. Fig. 8  
clearly indicates that those materials C33, C34 and C35 made with 
BNFL polymer (type 1) have specific surface areas which nearly lie on
the same curve A. (It should be pointed out here that Fig. 8  should 
not be compared to Fig. 2 since the former has not got many intermediate 
materials to give the real shape of the curve.) C36 prepared with 
AERE polymer (type 2), however, lies below this curve until the fully 
debonded stage.
Table 4 and Fig. 9 illustrate that the pore fraction is approximately 
constant until after a debonding temperature of 755°C when it bends 
slightly to about 50%.
An indication of the average pore radii were obtained by assuming 
that all the pores are cylindrical in shape, and also that all the 
surfaces are attributed to the walls of the pores, that is, the surface 
area contributed by the external surface is negligible (65) . On these 
assumptions, the average pore radii r(&) were calculated from the 
equation:
Sw
where is the specific surface area of the spheres, and Vp is the 
specific pore volume. The results obtained for C33, C34 and C36 are 
given in Table 4 and plotted against debonding temperature in Fig. 10, 
which clearly shows that C36 has higher average pore radii at all stages 
than the others prepared by BNFL (type 1) polymer.
Some differences may be found in the true density values for 
materials debonded to 755°C presented in this thesis and those in the 
progress reports (117, 128). This is because it was realised that the 
values in the progress reports are slightly lower than expected, which 
might be due to inaccurate reading of the operating temperature of the 
CCl^. The densities were, therefore, determined again.
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4.5 Scanning Electron Microscope
4.5.1 Unaged Spheres
The scanning electron micrographs of cleaved spheres for samples 
used to study the grain structure of unaged, aged and polymer type 
materials are given in Figs. 11-14. Fig. 11 depicts the typical 
internal structure of unaged xerogels and spheres partially debonded 
up to 760°C for (U,30%Th) oxides and up to 604°C for 100% U materials.
A number of spheres have been examined and it has been observed 
that, for the unaged spheres, there are no apparent differences in 
their basic particle shape and arrangement. For debonding temperatures 
up to 604°C, the 100% U spheres (ADU) have similar internal grain 
structures to those of the unaged (U,30%Th) oxide spheres as shown 
in Figs. 11 and 12. The micrographs observed show that from the 
xerogel up to a debonding temperature of 760°C for the mixed oxide 
and 604°C for 100% U, a number of primary grains about 150$ join 
together to form a large agglomerate of about 1500$ across. For the 
100% U, the agglomerate structure disappears at a debonding temperature 
of 760°C as shown in Figs. 12c and d. For the (U,30%Th) oxide, this 
occurs when the spheres are fully debonded (Figs. 14b and c).
The crystallite sizes (Fig. 4) of materials debonded to 604°C are 
between 20 to 60$. This indicates that, for the (U,30%Th) oxides, 
each 150$ grain is composed of at least 16 crystallites. On further 
debonding, some of the crystallites grow at the expense of others and 
at the fully debonded stage, where the grain and crystallite sizes are 
about 500$ (Figs. 14b and d) and 270$ (Fig. 4) respectively, there are 
roughly 6  crystallites forming a grain.
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4.5.2 Aged Spheres
The change in the internal structure when the spheres are aged 
is apparent from Fig. 13. Unlike the unaged spheres, both C31 (steam 
aged) and C32 (hot water aged) consist of grains and flakes jumbled 
together. Owing to the higher temperature treatment, the flakes 
in C31 are larger than in C32. The flakey structure is lost when the 
spheres are fully debonded (Figs. 13c and d), and the structure reverts 
back to spherical grains just like the unaged spheres. The grains of 
C31(FD) and C32(FD) are the same in size, however, C31(FD) shows a 
more open structure.
4.5.3 Graduation Across the Sphere
A careful examination of a cleaved, unaged partially debonded sphere 
by scanning electron microscope reveals that, there are three main 
layers comprising of a) the skin, b) the outer edge, and c) the core. 
The skin extends over 30ym into the sphere. This part of the sphere
which looks like a spongy tissue is quite different from the edge and
the core. The edge extends over 100pm into the sphere and the 
remainder of the sphere is made up of the core. Figs. 11 and 12 show
the difference between the edge and the core of (U,30%Th) oxide and
100% U spheres respectively. Both the core and edge are made of 
spherical grains, however, the size and packing of the grains are 
different. Figs. 11 and 12 show that the grains at the outer edge 
are finer, more uniformly and densely packed together than those in 
the core. The grains in the core tend to form agglomerates with 
large inter-agglomerate pores.
No such distinction between the core and edge was found for 
the aged spheres.
2 0 0 k2 0 0 k
Fig. 11 SEM microcraphs showing (U,30%Th) oxide cleaved 
spheres. (a) and (c) 024(760) core, (b) and (d) 
024(760) edge
—  -L V /
2 0 0 k b 2 0 0 k
Fig. 12 SEM microcraphs showing unaged 100% U cleaved spheres.
(a) xerogel (ADU), (b) ADU spheres debonded to 604°C 
(c) and (d) core and edge respectively of spheres 
debonded to 760°C
Fig. 13 SEM microcraphs showing steam aged C31 and hot water 
(8o°c) aged C32 (U,30%Th) spheres, (a) C31(604),
(b) C32(604), (c) C31(FD) and (d) C32(FD)
Fig. 14 SEM micrographs showing unaged (U,30%Th) oxide spheres 
prepared with BNFL polymer C33, and AERE polymer C36.
(a) C33(400), (b) C33(FD), (c) 036(400) and (d) C36(FD)
The surfaces of whole spheres as shown in Fig. 1 are characteristic 
of both aged and unaged spheres, except that the surfaces of the 
aged spheres are smoother and look stronger. This observation will 
be looked at again in later sections.
4.5.4 The Effect of Polymer Type on the Grain Structure
The effect that the type of polymer has on the grain structure is 
clearly illustrated in Fig. 14. The spheres prepared with BNFL 
polymer (type 1), C33-C35 and C37, have the structure shown in Figs. 14a 
and b. This structure is quite different from that of C36 (Figs. 14c and
prepared with AERE polymer (type 2). The grains in C36 are more
agglomerated together with large inter-agglomerate pores. This 
structure is preserved even when the spheres are fully debonded. The 
more open structure of C36 compared with the others in the micrographs 
is also evident in the pore volume and fraction values in Table 4 
and the graphs in Figs. 9 and 10.
Whereas, the individual grains of C33(FD) (Fig. 14b) are easily visible,
the grains of C36(FD) are highly agglomerated and the individual grains 
are not easy to see.
4 . 6  Variable Heavy Metal Composition
4.6.1 The Variation of Surface Area with the Amount of Thorium
The effect of the amount of thorium on the specific surface areas 
of unaged and aged spheres are shown respectively in Figs. 15a and b.
The plots generally indicate that the greater the weight percent of 
thorium, the higher the specific surface area irrespective of the 
processing conditions.
The (U,10%Th) materials debonded at 604°C, (Ml(604), M2(604)) show 
a slight anomaly. These materials give specific surfaces higher than 
expected as Figs. 15a and b clearly show. The high surface areas of
Sp
ec
if
ic
 
Su
rf
ac
e 
Ar
ea
 
(m 
/g
) 
Sp
ec
if
ic
 
Su
rf
ac
e 
Ar
ea
 
(m 
/g
)
Unaged
160
• XG
140
120
* 604
100
80
a 755
60
40 o FD
20
0
10 20 30 40 50 60 70 80 90 100
Weight Percent Thorium
Aged180
• XG
160
140
120
100
75580
FD
10 20 30 40 50 60 70 80 90 100
Weight Percent Thoriumb
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these materials are probably spurious results; it is difficult 
to visualise a mechanism by which the surface of these materials 
would increase to such amounts on debonding to 604°C, other than 
changes in the gas flow-rate.
One interesting observation from the plots in Fig. 15a is the 
similarity in their slopes, which suggests that the rate of loss of 
surface is about the same for all the different types of the unaged 
spheres.
The plots also show that the surface area decreases with increasing 
debonding temperature.
4.6.2 The Effects of the Amount of Thorium on Density and Porosity
The results of the true (CCl^) density of unaged and aged spheres . 
with variable U/Th ratio are given in Tables 5 and 6 . The geometric 
density, pore volume and pore fraction are plotted against the amount 
of thorium in Figs. 16, 17 and 18 respectively. Fig. 16a shows that 
the geometric density of the unaged spheres decrease as the amount 
of thorium is increased.
Fig. 16b showing the plots for the aged spheres do not have the 
trend observed for the unaged spheres in Fig. 16a. The geometric 
density decreases with thorium increase up to 30% thorium, then 
increases up to 50% thorium and falls again.
The observations above relate directly to the pore volume plots 
shown in Figs. 17a and b. The unaged spheres all show increase with 
the amount of thorium. This behaviour is more apparent with the 
xerogels. The xerogels of the aged spheres (Fig. 17b) also conform 
to the observation above but the debonded aged spheres all show dips 
at L3 (50%Th).
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Table 5
Sample
Code
U:Th
Ratio
Debonding Temperature (°C)
XG 604 755 FD
D3 1 0 0 : 0 3.52 ■ - 9.90 -
N1 98: 3.49 8.07 - 10.38
Ml 90:10 3.45 7.70 9.89 9.81
C40 70:30 3.41 8.41 9.90 9.86
L2 50:50 3.41 8 . 1 0 9.64 9.83
G2 10:90 3.47 8.41 9.98 9.90
E7 0 : 1 0 0 3.44 7.50 8.91 8.90
3
The True Density (g/cm ) for Unaged Spheres of Variable U/Th Ratio
Table 6
Sample
Code
U : Th 
Ratio
Debonding Temperature °C
XG 604 755 FD
N2 98:2 3.57 - - 10.45
M2 90:0 3.60 8.07 9.94 9.40
C41 70:30 3.49 8.30 9.35 10.16
L3 50:50 3.43 7.89 9.21 10.05
G3 10:90 3.25 8.37 9.11 10.52
3The True Density (g/cm ) for Aged Spheres of Variables U/Th Ratio
Figs. 18a and b show that the pore fractions remain nearly the 
same up to the fully debonded stage for the thorium rich materials 
(% Th > 50) for both the unaged and aged spheres. For the uranium 
rich materials (% U >70), the pore fractions decrease after a 
debonding temperature of 755°C. The decrease is greater the more 
the amount of uranium. The pore fractions of the horizontal portions
of the plots lie between 55 and 80% for the unaged spheres with the 
pore fraction increasing as the amount of thorium increases. For 
the aged spheres, the pore fractions of the horizontal portions lie 
between 70 and 90%.
4.6.3 Crystallite Growth as a Function of the Amount of Thorium
Table 7 below shows that the crystallite size of the aged xerogels 
is dependent on the amount of thorium.
Table 7
Sample
Code
% Th
Crystallite Sizes D (8 )
0 0 0 2 1 0 1 0
1 0 1 2
N2 2 51 94 60
M2 1 0 56,61 135 83
C41 30 55 94 56
L3 50 < 1 0
C31 30 116 133 106
C32 30 43 1 0 1 47
The Crystallite Sizes of Aged Xerogels
This observation is not so obvious from Table 7 for the uranium rich 
end, but as can be seen, xerogels with 50% or more thorium are 
nearly amorphous.
The ADU crystal structure of the aged xerogels changes to the 
fluorite face-centred cubic structure on debonding as has been 
stated already elsewhere. The 604°C curves in Figs. 19a and b show 
that there is a gradual decrease in the crystallite size as the amount 
of thorium is increased. The curves for 755°C and FD show a steep slope 
at the uranium rich end down to 50% U, then starts to be more sluggish.
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4.6.4 The Lattice Constant of the UO^-ThO^ System
The compositions and lattice constants are plotted in Fig. 20.
The extent of solid solution and the lattice constants of the U 0 2 ~Th0 2  
compositions were determined by X-ray diffraction. The X-ray data 
obtained indicate that for materials debonded to 755°C and above, a 
complete solid solution with a single phase face-centred cubic structure 
with the CaF2  atom arrangement is produced. The powder photographs of 
materials debonded at 604°C and below show only a few diffused lines 
at the low angle end, and no reliable lattice constants could be 
calculated from them. The plot in Fig. 20 represents the lattice constants 
of spheres debonded to 755°C.
It must be emphasised here that, the aim of this part of work was 
not to establish the change of lattice constant with varying UO 2  to TI1O 2  
ratio. It was carried out to see if from the lattice constants, the 
oxygen to metal ratio could be determined. Unfortunately, the accuracy 
of the experiment was such that the oxygen to metal ratio could not be 
deduced.
The U 0 2 _Th0 2  system has been studied by various investigators. The 
earliest work was done by Slowinski and Elliot (133) and closely followed 
by Lambertson et al (134). Results of both investigations like the 
present work indicate that UO2  and ThC^ form a continuous series of 
face-centred cubic solid solutions and that the lattice constants 
follow Vegard's law quite closely. Christensen (135) in his work on 
the melting points in the UC^-ThC^ system investigated in detail the 
region below 20 mol % Tb0 2 . He presented evidence for a shallow 
minimum in the melting point at about 2 mol % Th0 2 * He confirmed 
this by demonstrating a deviation from Vegard's law at the same
- 117 -
Percent Pore 
Fraction
Unaged
* E7 
6. (100) 
L2 
(50)
Temperature (x 10 C)
Percent Pore
Fraction Aged
G3(90) 
041(30)
70
(50)
60
50
M2
(10)
30
10
XG
2  o
Temperature (x 10 C)
Fig. 18 Pore Fraction versus Debonding Temperature of varying
heavy metal ratio materials. The numbers in parenthesis 
are the percentage Thorium.
composition. Subsequently, Cohen and Berman (136) also observed an 
anomaly in lattice constants at 2 mol % ThC^. Latta et al have also 
made a brief survey of the UC^-ThC^ system in the range 0-17 mol % ThO^ 
(137). The solidus and liquidus temperatures from the Latta et al study 
showed that a minimum does exist, although a't about 5% rather than 2% 
found by Christensen.
4.6.5 The Scanning Electron Micrographs of Variable Heavy Metal 
Composition Spheres
The scanning electron' micrographs of the surfaces of whole spheres 
(Fig. 21) and cleaved spheres (Figs. 22-26) show how ageing in hot water 
(80°C) and the amount of thorium affect the structure of the surfaces and 
the primary and secondary (agglomerate) grains.
It is difficult and complicated to draw definite conclusions from 
the micrographs of the surfaces of whole spheres. This is because the 
surfaces are so sensitive to impurities and impact that examination of 
the surfaces of different spheres from the same batch can show 
differences. However, from earlier work on aged and unaged spheres, it 
was found that debonding and ageing strengthens the surfaces of the 
whole spheres. This observation is confirmed by the micrographs shown 
in Fig. 21.
The micrographs shown in Figs. 22-26 clearly show that the shape 
of the grains and the general grain arrangement to form agglomerates 
of unaged 90% thorium (G2) and 100% thorium (E7) virtually do not change 
from the xerogel to the fully debonded spheres. The interagglomerafce 
pores, however, indicate that their sizes reduce with increasing 
debonding temperature in conformity to the overall shrinkage of the . 
spheres. The aged (G3) and unaged (G2) 90% thorium are similar in 
grain shape and arrangement except that the ageing seems to bloat the ,
grains slightly (Figs. 22c and 23d). There is no apparent change 
in the grain size between the xerogels of aged and unaged 90% and 100% 
thorium and their debonded versions (Figs. 22-26). This is because of 
the small amount of both crystallite (Fig. 19) and grain growth as 
the materials are debonded. It is quite clear from the micrographs 
that for 50% or more thorium, ageing does not affect significantly the 
shape of the grains. No difference could be found or detected in the 
grain structure for 50% or more thorium between the unaged and the 
corresponding aged spheres on full debonding.
The micrographs of the spheres with 30% or less thorium, however, 
present a different and interesting spectacle. As the earlier 
investigation on C31 and C32 (30% Th) aged spheres showed, 2, 10 and 30% 
thorium aged spheres show grain structures consisting of jumbled flakes 
and grains. This flake and grain structure persists in all the cases 
up to 604°C (Figs. 23a, 23b and 25a and b). The flakes disappear 
almost entirely on further debonding to 755°C (Figs. 25c and d) and at 
the same temperature, crystallite growth becomes significant.
Fig. 23 shows the aged xerogels of spheres with varying U/Th ratio.
The formation of the flakey structure is very noticeable with 
materials containing 10% (Fig. 23b) and 30% (Figs. 13a and b) thorium.
With 2% thorium (N2), the flakey structure is not well developed, (Fig.23a) 
and for materials having 50% or more thorium, no flakes are developed at 
all; however, the 50% thorium grains (Fig. 23c) are bloated. Fig. 24 
shows the internal structure of different unaged spheres debonded to 
604°C. The large inter-agglomerate pores of 90% (G2) and 100% (E7) 
thorium are quite evident. Fig. 26 shows some of the fully debonded 
grains. The sizes of the grains (^lOOoR) of fully debonded 10% thorium 
(M2 (FD)) spheres and the 50% thorium (L2 (FD)) grains (V500&) indicate
La
tt
ic
e 
Pa
ra
me
te
r 
(8
) 
Cr
ys
ta
ll
it
e 
Si
ze
 
(8
)
Unaged Aged400 400
350350
300300
<*« 250
250
•h 200200
•h 150150
FD100
100
X FD
A  755 C
604°C
50
50
0 20 40 60 80 10020 40 60 80 100
Wt Percent Thorium Wt Percent Thorium
Fig. 19 Crystallite Size (&) Vs the Amount of Thorium
5.60
5.50
5.40
5.30
40 60 8020 100
Composition (Wt % TI1 O 2 )
Fig. 20 Unit-Cell Dimension of System U0 2 ~Th0 2  determined 
from Material Debonded at 755°C
i S9*
! jE *£ fc  i,
1
H...
r ' m  m m  ::
lyiiife
m
r .  , „ i . »
Nl(XG) Unaged IK
;:r'?£&*.*
- i'-
I  3 L
$gg
as
^sggvv^ StJ
-
giGplMssa^ a■' &  4 ® .  W S S
. . '•:' • t$M: ■
N2(XG)Aged IK
(98% U, 2% Th)
L2(XG) Unaged IK L3(XG) Aged IK
(50% U, 50% Th)
G2(XG) Unaged 540X G3(XG) Aged 540X
(10% U, 90% Th)
Fig. 21 The Surfaces of Aged and Unaged (U, Th) Whole Xerogel Spheres
I
% 1W
=£*?
iHBWIiW
b
Fig. 22 SEM Micrographs Showing Unaged Cleaved Xerogel Spheres 
(a) C40(XG) 70% U, (b) L2(XG) 50% U,
(c) G2(XG) 10% U, and (d) E7(XG) no U.
Magnification 76K
Fig. 23 SEM Micrographs Showing Aged Cleaved Xerogel Spheres 
(a) N2(XG) 98% U, (b) M2(XG) 90% U,
(c) L3(XG) 50% U and (d) G3(XG) 10% U.
Magnification 76K
C d
Fig. 24 SEM Micrographs Showing Unaged Cleaved Spheres 
(a) Ml(607) 90% U, (b) L2(604) 50% U,
(c) G2(604) 10% U and (d) E7(604) no U. 
Magnification 50K
Fig. 25 SEM Micrographs Showing Aged (Hot Water at 80°C) Spheres
(a) M2(604) 90% U, (b) 041(604) 70% U,
(c) M2(755) 90% U and (d) 041(755) 70% U
Magnification 50K
cFig. 26 SEM Micrographs Showing Fully Debonded Spheres
(a) M2(FD) 90% U, (b) L2(FD) 50% U,
(c) E7(FD) no U and (d) C30A(FD) 70% U 
Magnification 50K
the influence that the amount of thorium has on the grain and 
crystallite (Fig. 19) growth. C30A(FD), a 30% thorium material, having 
a grain size of about 500$ is given here to show the lack of any 
difference in the grain size of fully debonded 30% and 50% (L2(FD)) 
materials. However, the more open structure of the L2(FD) compared to 
C30A(FD) is obvious from Figs. 26b and d. The smaller pore fraction 
of C40 (similar to C30A and all the unaged’ C series) compared to 
that of L2 (Fig. 18a) confirms the fact that L2 is more opened and the 
grains more loosely packed together than the C series.
4.7 The Effect of Sphere Size
Three different types of sphere sizes including the usual size 
( 2^ mm in diameter - on which all the studies have been based) have 
been investigated. The other two sizes referred to in Tables 8  and 9 
as Fine and Coarse have been coded as PA(250)a and PA(1500)a, where 
a is 1 for unaged spheres and 2 for aged spheres. The 250 and 1500 
represent the size in microns of the fine and coarse spheres 
respectively when sintered. The average diameter for PA(1500)1 and 
PA(1500)2 are 3.1mm and 3.9mm respectively. The heavy metal 
composition of all the materials used in this study are 70% uranium and 
30% thorium.
Listed in Tables 8  and 9 are the true and geometric densities.
The results in Table 8  compare favourably with the true density plot 
in Fig. 5 which represents the values for the usual size, and this 
implies that the true density is independent of the size of the sphere. 
The values in Table 9 show that the geometric densities of the coarse 
unaged spheres are slightly higher than the fines and exactly the 
opposite for the aged spheres. These observations are reflected in the 
pore volume (Fig. 28a) and pore fraction (Fig. 28b) plots. Figs. 28a 
and b show that there is not much difference in the pore volumes and
Table 8
Sample
Code
Sample
Description
Debonding Temperature (°C)
XG 604 755 FD
UNAGED
PA(250)1 Fine 3.25 8 .1 2 , 9.64 10.04
PA(1500)1 Coarse 3.27 8 . 0 0 9.98 10.43
AGED
PA(250)2 Fine 3.59 8.09 9.24 10.71
PA(1500)2 Coarse 3.24 7.98 8.90 10.71
3The True Density (g/cm ) of Fine and Coarse Spheres
Table 9
Sample
Code
Sample
Description
Debonding Temperature (°C)
XG 604 755 FD
UNAGED " .. “ 1 •
PA(250)1 Fine 1.17 2.60 3.89 5.05
PA(1500)1 Coarse 1.32 2.83 4.14 . 5.68
AGED
PA(250)2 Fine 0.92 1.72 2 . 1 0 2.87
PA(1500)2 Coarse 0.62 1.16 1.43 1 . 6 6
3The Geometric Density (g/cm ) of Fine and Coarse Spheres
Table 10
Sample
Code
Sample
Description
True 
Density 
(g/cm )
Geometric 
Density 
(g/cm )
Pore
Volume
(g/cm3)
% Pore
Fraction
Fraction
Specific
Surface
Area
-------------r
CT/UT/P(XG) Coarse
Unaged 3.45 . 0  v 9-3 0.79 73 129.5
CT/UT/S(XG) Fine
Unaged 3.24 1.29 0.47 61 115.3
Data for Fine and Coarse Spheres Prepared in the Chemical Technology (CT) 
Section of AERE.
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fractions between the fine and coarse unaged spheres. The plot of the 
pore fraction (Fig. 18a) for C40 (usual size spheres of comparable 
preparation procedures) also compares with those of the fine and 
coarse unaged spheres.
For the aged spheres, Fig. 28b indicates that, the coarse spheres 
have higher pore fraction than the fines. Comparison between Fig. 18b 
and Fig. 28b suggest that, the usual size aged spheres have pore 
fractions intermediate between those of coarse and fines.
Table 10 gives the data of fine and coarse unaged xerogel spheres 
prepared in the Chemical Technology section of AERE. The values in the 
table show that, the geometric density of the fines is higher than that 
of the coarse and consequently there is a lower pore volume and fraction. 
The pore volume and fraction of the fines (CT/UT/S(XG) compare with the 
corresponding values for the unaged fines (Figs. 28a and b) prepared 
in the Chemistry Division. The coarse unaged spheres (CT/UT/P(XG), 
give values which rather compare favourably with the aged spheres 
prepared in the Chemistry Division (Figs. 28a and b). which suggest 
that CT/UT/P(XG) has a higher pore volume and fraction than expected.
The scanning electron micrographs of fine and coarse unaged and 
aged spheres are given respectively in Figs. 29 and 30.
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4 . 8  The Effect of Polymer Concentration
Spheres with heavy metal composition, 70% uranium, and 30% thorium
prepared with polymer concentrations either less or more than the
normal concentration used in the previous studies were investigated
to follow the effects the concentration of the polymer has on them.
Concentrations ranging from 0.25 to 2 times the normal concentration
as given in Tables 11-15 were used.
2The specific surface areas (m /g) determined by a High Speed 
Surface Area Analyser based on the BET theory are listed in Table 11.
The materials J, H and I with concentrations 0.25, 0.5 and 2 were 
prepared and delivered sometime (more than 3 months) before the others,
P, C and Q were delivered. It has been found from the study of the 
effect that the time of exposure to the atmosphere has on the spheres 
(Fig. 7), that there is no drastic effect on the surface area of the 
xerogels, at least for the first 3 months. So if the effect of the 
atmosphere is neglected then it is clear from Table 11 that the specific 
surface areas of the unaged materials having 0.75 or more times the
normal polymer concentration are nearly the same with a value of ,
2 • . 2
135 + 5 m /g. This value is about 15 m /g more than the results of
materials prepared with 0.25 and 0.5 times the normal concentrations.
2The difference of 15 m /g is more than could be attributed to the 
experimental errors. This difference is carried through the debonded 
materials.
For the aged spheres, no apparent trend is discernible but it is
obvious from the table that P2, C43 and Q2 xerogels having concentrations
2
0.75,1 and 1.5 respectively have higher specific surface areas (>160 m /g) 
than the others. When the spheres are debonded any differences observed 
are lost. The low value of 14(FD), the fully debonded aged spheres
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prepared with 2  times the normal polymer concentration could be 
attributed to the excessive debonding temperature of 910°C instead 
of the usual 850°C.
Tables 12 and 13 give the crystallite size results of the aged 
xerogels and debonded spheres respectively prepared with different 
polymer concentrations. The low crystallite size of 14(XG), xerogels 
prepared with 2  times the normal polymer concentration is evident from 
Table 12. Table 13 also shows that 13(604) and 14(604) have relatively 
low crystallite sizes compared with the others, but on debonding to 
higher temperatures, the crystallite size becomes independent on the 
polymer concentration.
Table 14 gives the true and geometric densities and Table 15, the 
pore volume and fraction. The pore fractions are also plotted in Fig. 31. 
Fig. 31a shows that for the unaged spheres the pore fractions lie 
between 60 and 70%, and J2 (the | times normal concentration) has 
generally higher pore fractions. The lower pore fraction of aged 14 
(the 2  times normal concentration) spheres is clearly evident from 
Fig. 31b. The pore fraction of 14, which is about 70%, is of the same 
order of magnitude as the unaged spheres. For all the spheres, however, 
the pore fractions remain nearly constant until after a debonding 
temperature of 755°C.
The scanning electron micrographs of the surfaces of whole spheres 
are shown in Figs. 32 and 33. Fig. 32 shows the surfaces of xerogels 
of unaged and aged spheres. Comparison between J2(XG) and H2(XG) shows 
that the latter is smoother and appears stronger. Similarly 13(XG) 
is smoother and stronger when compared with J2(XG) at the same 
magnification. H3(XG) and 14(XG) are also smoother and stronger than 
their respective unaged versions H2(XG) and I3(XG). On the other hand
- 136 -
Table 11
Sample
Code
X Normal 
Polymer 
Concentration
Debonding Temperature °C
XG 604 755 FD
UNAGED
J 2 1/4 117.4 72.9 2 1 . 6 9.3
H2 1 / 2 119.1 75.9 • 26.2 11.4
PI 3/4 140.5 92.3 - -
C42 1 133.5 87.0 - -
Q1 li 136.9 85.5 - -
13 2
AGED
130.5 109.3 32.9 11.7
J3 1/4 150.1 105.5 29.9 9.2
H3 i/ 2 139.9 107.4 2 0 . 0 10.5
P2 3/4 168.3 116.2 - -
C43 1 164.2 101.7 - -
Q2 164.7 115.5 - -
14 2  . 146.4 114.7 30.2 5.96*
2The Specific Surface Area (m /g) of Varying Polymer Concentration Spheres 
* The debonding temperature of 850°C was exceeded to 910°C
Table 12
Sample
Code
X Normal 
Polymer 
Concentration (0 0 0 2 ) (10T0) (10T2)
J3 1/4 - 139 96
H3 1 / 2 - 175 74
C41 1 - 104 78 .
14 2 - 6 6 6 6
The Crystallite Size (X) of Xerogels with Varying Polymer Concentration
Table 13
Sample
Code
X Normal Debonding Temperature (°C)
Polymer
Concentration 604 755 FD
UNAGED
J32 1/4 44 133 / 315
H2 1 / 2 55 159 273
13 2
AGED
37 140 315
J3 1/4 46 105 273
H3 1 / 2 40 140 273
14 2 29 126 -
The Crystallite Size ($.) of Varying Polymer Concentration Spheres
Table 14
X Normal
Debonding Temperature (°C)
Sample
Code
Polymer 
Cone.
XG 604 755
FD
True Geom. True Geom. True 3eom. True Geom.
UNAGED
J2 1/4 3.64 1.08 7.98 2.57 10.14 3.24 10.60 3.86
H2 1 / 2 3.46 1.33 8.69 3.14 9.29 3.90 10.47 4.65
13 2
AGED
3.23 1.26 7.55 2.44 9.45 3.34 10.13 4.76
J3 1/4 3.69 0.63 ' 7.92 1 . 2 0 9.60 1.55 10.42 2 . 0 0
H3 1 / 2 3.77 0.72 8.63 1.37 9.81 1.79 10.08 2.28
14 2 3.55 1.16 7.26 2 . 1 1 9.93 3.00 1 0 . 8 8 5 .56*
The True and Geometric Densities (g/cm^) of Varying Polymer Concentration 
Spheres
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Table 15
Sample
Code
Pore Volume (cm-Vg) Pore Fraction %
Debonding Temperature (°C) Debonding Temperature (°C)
XG 604 755 FD XG 604 755 FD
UNAGED
J2 0.65 0.26 0 . 2 1 0.16 70 67 6 8 62
H2 0.46 0 . 2 0 0.15 0 . 1 2 61 63 59 56
13 0.48 0.28 0.19 0 . 1 1 61 6 8 64 52
AGED
J3 1.32 0.71 0.54 0.40 83 85 84 80
H3 1 . 1 2 0.61 0.46 0.34 81 84 82 77
14 0.58 0.34 0.23 0.09* 67 72 70 50
The Pore Volume and Pore Fraction of Spheres Prepared in Varying Polymer 
Concentrations.
* The debonding temperature of 850°C was exceeded to 910°C.
I4(XG) is smoother and appears very much stronger than H3(XG). Fig. 33
again indicates that the smoothness and strength of the surfaces could 
be arranged in the following order: 14(FD) > H3(FD) > J3(FD). The 
conclusion which can be drawn from the above observations is that, 
ageing and increasing the polymer concentration increases the strength 
and smoothness of the surfaces of the spheres.
The micrographs of the cleaved surfaces of spheres prepared with 
different polymer concentrations are shown in Figs. 34-38. 13(XG)
arguably is composed of grains smaller than J2(XG) and H2(XG) (Fig. 34). 
The figure also shows that J2(604) consists of grains bigger than 
13(604). The micrograph of I3(604)C andI3(604)E shows that the 
grains at the outer edge are smaller than those at the core as has
been observed in previous studies. Fig. 35 again shows that the grains
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at the core, J2(604)C are bigger, more agglomerated and more loosely 
packed together than those at the edge J2(604)E. The above comments 
suggest that the differences in size and distribution of grains 
across a sphere do not depend on the polymer concentration. Fig. 36 
shows the micrographs of spheres aged in hot water at 80°C for 1 hour.
It is quite obvious from the micrographs that the flakes in the 
micrographs are not as developed as spheres prepared with the normal 
concentration (Figs. 25b and 30) implying that if the concentration 
of the polymer is lower or higher than the normal, the development of 
flakes is reduced. The flakey structure observed in 14 spheres is lost 
at a lower debonding temperature of 604°C (Fig. 36) whilst the others 
lost their flakes when they were debonded at 755°C (Fig. 37). The grains 
of fully debonded spheres are shown in Figs. 37 and 38. The 14(FD), 
the debonding temperature of which was exceeded by more than 50 deg C, 
shoic the much increased grain size, suggesting that the maximum 
temperature has effect on the grain size.
4.9 Strength of the Spheres
The fracture strength and other related properties of some of 
the spheres were obtained using an Instron machine. Tables 16-21 give 
the results obtained for the test. The data given for each sample 
represents the mean and standard deviation of ten spheres.
Table 16 gives the crush test results of xerogels of variable 
heavy metal composition. The table indicates that as the quantity 
of thorium is increased the mean diameter and the compliance 
(considered as the reciprocal of elastic modulus (118) increase, whilst 
the load necessary to fracture a sphere, deformation, strain and 
failure stress decrease.
Tables 17-19 give the data for the unaged xerogels of C40(70%U, 
30%Th), L2(50%U, 50%Th) and G2(10%U,' 90%Th) and their debonded versions.
Table 16
Sample
Code
U : Th 
Ratio
Mean
Diameter
(mm)
Mean
Load
(kg)
Mean De­
formation 
(mm)
Mean . 
Strain
Failure
Stress
(MPa)
Compliance
(GPa-1)
D3 1 0 0 : 0 1.55+0.03 2.82+.38 0.24+.04 0.16+.03 46.4+6.9 3.39+.39
Ml 90:10 1.62+0.02- 3.14+.53 0.24+0.C4 0.15+.03 47.1+8.4 3.23+.48
C40 70:30 1.71+0.07 1.15+.21 0.18+.03 0 .1 1 + . 0 2 15.5+3.0 6.93+1.25
L2 50:50 1.90+0:04 1.07+.15 0 .2 2 + . 0 2 0 .1 1 + . 0 1 1 1 .6 +2 . 0 9.96+1.75
G2 10:90 2.06+0.04 0.85+.24 0.22+.04 0 .1 0 + . 0 2 7.9+2.3 13.74+2.49
E7 0 : 1 0 0 2.09+0.08 0.72+.30 0.20+.06 0.10+.03 6 .5+2.9 16.02+4.60
Data for Crush Test of Variable Heavy Metal Ratio (U:Th) of Unaged Xerogels
Table 17
Sample
Code
U : Th 
Ratio
Mean
Diameter
(mm)
Mean
Load
(kg)
Mean De­
formation 
(mm)
Mean
Strain
Failure
Stress
(MPa)
Com­
pliance
(GPa“x)
C40(XG) 70:30 1.71+.07 1.15+.21 0.18+.03 0 .1 1 + . 0 2 15.45+3.01 6.93+1.25
C40(604) Tl 1 .2 2 + . 0 2 2.33+.90 0.09+.03 0.08+.02 61.44+24.11 1.33+.47
C40(755) IT 1.13+.02 2.02+.71 0.08+.03 0.07+.02 62.23+23.45 1.27+.47
C40(FD) !! 1.03+.02 2.19+.36 0.05+.02 0.05+.02 81.04+13.10 0.60+.27
Data for Crush Test of C40 Series
Table 18
Sample
Code
U : Th 
Ratio
Mean
Diameter
(mm)
Mean
Load
‘(kg)
Mean De­
formation 
(mm)
Mean
Strain
Failure | 
Stress 
(MPa)
Compliance
GPa- 1
L2(XG 50:50 1.90+.04 1.07+.15 0 .2 2 + . 0 2 0 .1 1 + . 0 1 11.61+2.02 9.96+1.75
L2(604) I f 1.27+.02 2.16+ .75 0.08+.03 0.07+.02 52.04+18.24 1.34+.34
L2 (755) f t 1.19+.02 1.82+.50 0.06+.02 o ’05+.01 50.29+ 14.42 1.09+.32
L2(FD) f t 1.15+.02 2.39+.02 0.08+.02 0.07+.02 71.63+9.28 1.03+.19
Dat for Crush Test of L2 Series
Table 19
Sample
Code
U : Th 
Ratio
Mean
Diameter
(mm)
Mean
Load
(kg)
Mean De­
formation 
(mm)
Mean
Strain
Failure j 
Stress 
(MPa)
Compliance
GPa- 1
G2(XG) 10:90 2.06+.04 0.85+.24 0.22+.04 0 .1 0 + . 0 2 7.92+2.30 13.74+2.49
G2(604) I I 1.39+.04 1.10+.40 0.07+.02 0.05+.02 22.59+8.25 2. 38+.92
G2(755) IT 1.32+.04 0.99^.33 0.08+.03 0.06+02 22.38+7.78 2.91+1.81
G2(FD) I f 1.25+.05 1.40+.46 0.07+.03
,
0.06+.02 35.49+11.97 1.66+0.63
Data for Crush Test of G2 Series
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Table 20
Sample
Code
U : Th 
Ratio
Mean
Diameter
(mm)
Mean
Load
(kg)
Mean De­
formation 
(mm)
Mean
Strain
Failure
Stress
(MPa)
Compliance
GPa- 1
M2 90:10 1.89+.03 1.64+.10 0.30+.02 0 .1 6 + . 0 1 18.15+1.49 8.75+0.46
CA1 70:30 2.09+.04 0 .8 6 + . 1 0 0.29+.06 0.14+.L2 7.92+0.88 18.17+1.75
L3 50:50 2.09+.03 0.61+.13 0.25+.04 0 .1 2 + . 0 2 5.54+1.29 21.87+3.73
G3 10:90 2.32+.05 0.39+.12 0.24+.07 0.10+.03 2.94+0.87 34.56+3.86
Data for Crush Test of Variable Heavy Metal Ratio (U:Th) of Aged Xerogels
Table 21
Sample
Code
x Normal
Polymer
Cone.
Mean
Diameter
(mm)
Mean
Load
(kg)
Mean De­
formation 
(mm)
Mean
Strain
Failure
Stress
(MPa)
Compliance
GPa- 1
H2 12 1.69+.05 0.92+.12 0.13+.03 0.08+.02 12.56+1.55 6.36+1.66
13 2 1.77+.02 2.28+.40 0.26+.05 0.15+.03 28.48+4.79 5.25+0.70
H3 12 2.05+.04 0.36+:i7 0.17+.07 0.08-K).03 3.29+1.64 27.28+6.01
14 2 1.79+.05 2.11+.36 0.29+.05 0.16+.03 26.13+3.88 6.21+0.63
Data for Crush Test of Variable Polymer Concentration of Unaged (H2, 13) 
and Aged (H3, 14) Xerogels
For all the different samples, apart from the load and the failure 
stress which generally increase with increasing debonding temperature, 
all the other properties decrease. In all the cases, the spheres 
debonded at 604°C and 755°C either show only slight differences 
or the trend is reversed. Listed in Table 20 are the data for aged 
xerogels of spheres with variable heavy metal composition as shown 
in the table. Like Table 16 which gives results for unaged xerogels, 
all the properties except the diameter and the compliance decrease 
with increasing amount of thorium. Table 21 gives the results for 
unaged and aged xerogels of spheres prepared with different polymer 
concentrations. This table, like Tables 16 and 20, shows the large 
differences in the properties between aged and unaged materials.
The differences in the properties due to the difference in polymer 
concentration are also clear from the table. However, the 
differences between the aged and unaged spheres prepared with 2  times 
the polymer concentration are very small compared with the differences 
between the aged and unaged spheres prepared with other polymer 
concentrations.
5. Discussion of the Results of Xerogels and Debonded Spheres
The results obtained in this work, together with information 
obtained from AERE, Harwell and the literature for U/Th xerogels 
and debonded spheres will be.discussed in this section.
5.1 Types of Structure Observed and the Preparation Factors Responsible 
A glance through the scanning electron micrographs of cleaved 
spheres shows two main different types of structures which are: 
a) Agglomeration of grains and b) Flakes and grains jumbled together,
a) Agglomeration of Grains
This type of structure is found in unaged spheres of all 
compositions and aged spheres containing 50% or more thorium. A 
careful examination of the micrographs of the cleaved spheres composed 
solely of grains will reveal that the primary grains join together to 
form agglomerates. A magnification of 200K times or more shows the 
arrangement better (Fig. 11). The degree of agglomeration varies 
according to the method of preparation. Looking through all the 
micrographs available, an attempt has been made to classify the grains 
into groups according to the degree of agglomeration and this is 
illustrated in Table 22. It must be emphasised here that there are 
no sharp distinctions between the groups and the table only gives 
a rough idea. As shown in Table 22, the agglomerate size can vary 
from Ca.l50oR to 6000$. depending on the method of preparation. Each 
agglomerate is constituted of grains (referred to previously as 
primary grains) of about 150$ in size. This grain size is larger 
than the size of the individual ADU crystallites, as determined in 
the unaged gel by XRD, but after ageing the crystallites are of 
comparable dimensions to the visible grains (15) (see Tables 2 and 7). 
Similar sized grains are observed in all the spheres investigated and
therefore, it may be concluded that the grain represents the basic
unit of precipitation, containing AU, hydrous thorium oxide and the 
polymer (15, 138). The agglomerate structure persists up to relatively 
high temperatures. Analysis of Table 22 shows that the degree of 
agglomeration depends on two main factors (i) the type of polymer used 
and (ii) the heavy metal composition.
(i) The Type of Polymer
Polymer from two main sources, AERE and BNFL as has been mentioned 
earlier were used. Table 22 shows that for the first two groups where 
either BNFL (Type 1) or AERE (Type 2) polymer was used, spheres 
prepared with AERE polymer give a higher degree of agglomeration 
in each case than BNFL polymer (Fig. 14). The agglomeration in C36 
(AERE polymer spheres) is so high that there is still agglomeration 
when the spheres are fully debonded (Fig. 14). The agglomerate size 
is ca. 2800$ for C36.
(ii) The Heavy Metal Composition
It is quite evident from Table 22 and Figs. 22-24 that a high 
degree of agglomeration is produced with 90% and 100% thorium spheres.
There is evidence in this work (the effect of polymer concentration) 
and a parallel work being done at AERE (138) that there is a strong 
interaction between the polymer and the metal ions of uranium and thorium 
(or plutonium). It has also been suggested (15) that, the individual 
grains are probably held together within the agglomerates by polymer-polymer 
interactions. From the above statements it is conceivable that the 
manner in which the grains are held together will depend on the type 
of chelate or complex the polymer forms with the metals, and this will 
be different for the uranyl and the tetravalent metals (Th, Pu) which 
form stronger bonds than the uranyl group (138). Polymer(s) from the
Table 22
Sample
Code
DeA,.o of Agglomeration Approximate 
Agglomerate 
Size (A)
Sample
Description
Very
Good Good Fair Bad
ADU Prepared at Springfields ' X 1500
C24 AERE Polymer X 1500
C29 BNFL Polymer X 1500
C30A BNFL Polymer X
C33 BNFL Polymer X 1800
C34 BNFL Polymer X 2500
C35 BNFL Polymer X -
C36 AERE Polymer X 2800
Ml 90%U : 10%Th X -
C40 70%U : 30%Th X -
L2 50%U : 50%Th X -
L3 50%U : 50%Th(Aged) X -
G2 10%U : 90%Th X 4000
G3 10%U : 90%Th(Aged) X 4000
E7 100%Th X 6000
J 2 i Normal Polymer Cone. X
H2 \ Normal Polymer Cone. X - 3000
13 2 Normal Polymer Cone. X
PA(250)1 Fine Spheres X
PA(1500)1 Coarse Spheres X
Classification of the Degree of Agglomeration of Gel-precipitated 
Spheres.
two sources are probably different in length and structure and since 
the binding mechanism or activity of polymers is related to their 
structure (139), it is understandable that spheres prepared with 
different polymers will have different morphologies,
b) Flakes and Grains jumbled together
The type of internal structue where flakes and grains are 
jumbled together is found only in aged xerogels and their partially 
debonded (<T>04°C) spheres rich in uranium (Figs. 13a and b, 23a and b 
and 25a and b). Aged xerogels with 50% or less uranium do not develop 
the flakey structure as the micrographs (Fig. 23) of L3(XG) and G3(XG)? 
50% and 10% uranium respectively, show. Fig. 23a (N2, 98%U) shows 
the flakey structure, though less developed than M2(XG), 90%U (Fig. 23b 
or 041(604), 70%U (Fig. 25b). These results suggest that the extent 
of the development of flakes depends on the heavy metal composition.
On the basis of the work done, aged spheres composed of 70% uranium 
and 30% thorium give the most developed flakes.
An elemental analysis carried out on C41(XG) ( 70% uranium, aged) 
using Philips EM 400T electron microscope show that, whilst the grains 
are composed of both uranium and thorium, the flakes are composed 
entirely of uranium. This result is confirmed by Stoter (126), when 
two different aged samples were sent to him for analysis. Stoter 
analysed the samples in a Philips EM400T using Electron Energy Loss 
Spectrometry (EELS) and Energy Dispersive X-ray Analysis (XDX), with 
a view to determining, quantitatively, the distribution of carbon 
across a sphere. The EDX showed that in both specimens, the flakes 
contain only uranium while the grains contain both uranium and thorium. 
These results are clearly shown in the EDX spectra in Figs. 39 and 40.
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Fig. 39 EDX Spectra from some grains (a) and a flake (b)
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Fig. 40 EDX spectra from some grains (a) and flake (b) of sphere 
with additional exposure to water
H : S P E C . H Li R H I  N " :
F 5  = 9  7  6  '1 ;■ F H F
I :! :
ft: S P E C .  fi1 F L A K E  6 : 
F S «  4 8 3  M E M :  ft
Fig. 41 EELS spectra from some grains (a)
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Fig. 40 shows the spectra of specimen A2 which was soaked in water 
for over 24 hours. The micrographs of these specimens showed that 
A2 contained larger flakes and the grains contained proportionately 
more thorium, as Fig. 40 shows when compared with Fig. 39, the spectra 
of specimen A1 which was not exposed to watdr. These results suggest 
that on soaking in water, the grains are depleted of uranium and 
give a higher thorium to uranium ratio in the grains. The expelled 
uranium then swells the size of the flakes. This observation together 
with the formation of flakes when the spheres are aged in hot water 
or steam suggest that on ageing uranium is expelled from the grains.
The reason for the expulsion of uranium when spheres are aged is 
probably due to the severance of the weaker bonds between the polymer 
and uranyl group under the thermal stress of heating. The stronger 
polymer-tetravalent metal (Th) bonds are however, kept intact. The 
weak bond could be attributed to the big molecular size of ADU. It is 
well known that the strength of a bond depends on the type of bond and 
the sizes of the molecules involved. Further analysis showed that the 
flakes and grains contain oxygen, while carbon is present only in the 
grains (Fig. 41). This is a further evidence that the uranyl group is 
severed from the rest of the grain and that thorium is still attached 
to the polymer. The presence of some uranium in the grains can be 
explained in terms of not all the urany1 -polymer bonds breaking when 
aged. .
Figs. 23a and b show the absence or the small amount of grains in 
the micrographs. This is because these materials consist almost 
entirely of uranium (only 2% thorium (Fig. 23a) and 10% Th (Fig. 23b)), 
and therefore, most of the urany1 -polymer bonds break on ageing and form 
flakes.
When the flakes are examined carefully at a high magnification 
under the Philips EM400T microscope, they appear as a number of 
grains joined together. This gives credence to an earlier proposal 
(16, 129) that the ageing causes a strand of the polymer to encompass 
a layer of grains which then appear as flakds.
5.2 Structure Development and Relationship with Physical Properties 
The structure of gel precipitated spheres (xerogels) depends not 
only on the conditions during the formation, ageing and washing of the 
hydrogel, but also on the drying conditions. The drying stage is 
probably the most critical point in the whole process of gel formation 
from the view-point of conserving the spheres undamaged and retaining 
sufficient porosity, a condition highly desirable for the removal of 
the polymer in the subsequent heating stage (138). The technique used 
in the drying of gel-precipitated spheres at AERE, Harwell is firstly 
to replace the water in the hydrogel by an organic liquid which has low 
solubility in water and then remove the organic liquid by drying in air 
The application of this drying technique reduces the pore volume 
fraction to Ca.70% for aged spheres and Ca.65% for unaged spheres from 
Ca.90%. The replacement of the water by an organic liquid is probably 
to avoid the high surface tension of water which pulls the gel together 
and shrinks the sphere which results in a considerable loss of porosity 
Neimark and co-workers (163, 164) have reported a detailed study of 
the mechanism by which a porous silica gel structure is formed during 
the drying of a silica acid hydrogel. According to Neimark, the gel 
structure is formed during drying under the influence of capillary 
forces described by the expression:
P = _2r
r
where t is the surface tension of the intermicellar liquid, and r is
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the radius of a spherical meniscus. The capillary forces are opposed
by the increasing strength of the gel skeleton. The final pore
structure is determined by the balance between these opposing forces
(165) . The basic structure developed in the hydrogel and the subsequent
xerogel is preserved up to a debonding temperature of Ca.600°C.
The results presented in the preceeding chapter clearly show
that the internal structure, of the spheres influences surface area,
geometric density, porosity but not crystallite size or true density.
5.2.1 Relationship between Structure and Surface Areas
The BET specific surface areas of both unaged and aged (U,30%Th)
2
xerogels all lie in the region of 100-140 m /g. For the aged 50%
2
and 90% thorium xerogels the surface area is as high as 170 m /g.
These high surface areas indicate that the inside of the spheres are 
accessible to the nitrogen used in the BET measurement and that the 
primary grains are responsible for the production of the high surface 
area. The high surface area is consistent with the surface area 
corresponding to the external surface of the primary grains. If the 
grains are assumed to be spherical, the specific surface area, Sw (m /g) , 
is given by the expression:
4
Sw = 6 x 1 0
pd
where p is true (CCl^)density in g/cm and
d is grain (particle) diameter (R)
For a 15oR grain diameter as measured from the micrographs and xerogel
3
density of 3.5 g/cm , the specific surface area calculated by the
2
expression above is 114 m /g. A model developed in this work to relate 
the specific surface area, the radii of sphere and grain (determined 
from micrographs) and pore volume and given in Appendix 5 also give 
surface areas which are comparable to those determined from BET
adsorption as illustrated in Appendix 5. The results from this model 
confirm that the external surfaces of the primary grains of xerogels 
and debonded spheres produce the surface area.
The manner in which the structure affects the surface area is 
difficult to assess because of the effect exposure to the atmosphere 
has on the spheres (see Fig. 7). However, Figs. 2 and 3 show that, 
for the (U, 30%Th) spheres, the aged materials consisting of flakes 
and grains jumbled together, have higher surface areas than the unaged 
spheres containing only grains over debonding temperature range 
200-600°C approximately. From an earlier discussion it is known that 
the flakes are made of uranium expelled from the grains. The implication 
of this is that, the expulsion of the uranium from the grains exposes 
more material in the sphere to give a higher surface area.
C24 (70%U, unaged) has lower specific surface area than C29 
(Table 1, Fig. 3) even though, the only difference in their production 
is that, AERE rather than BNFL polymer was used in the preparation of 
C24. Fig. 8  undoubtedly shows that C36 prepared with AERE polymer 
has lower specific surface area than the others prepared with BNFL 
polymer in its series. The grain sizes of C24 and C36 are similar to 
the others in their respective series. A probable explanation, therefore, 
for the lower surface areas of C24 and C36 is that, because of their 
high degree of agglomeration (Table 22, Figs. 11 and 14) a much larger 
portion of their total surface area contributed by the primary grains 
is in contact with each other in the form of grain-grain contact and 
that the contact area is not accessible to the nitrogen used in the 
determination of the surface area. For the C24, the low surface area 
can also be attributed to the long time that elapsed between its 
preparation and the time the surface areas were determined.
The small increase in surface area after outgassing at 200°C 
for 1 hour (Table 1) is due probably to the removal of physically 
adsorbed gases and water vapour from some of the pore channels.
From similar work done by Bafisal (131) it is found that outgassing 
at about 200°C, a time of 4 hours is required, for complete outgassing.- 
Table 1 again shows that the specific surface areas of cleaved spheres 
are not significantly different from those of the whole spheres, and 
this confirms that the internal surfaces of the spheres, i.e. the 
external surfaces of grains are accessible to the adsorbate nitrogen 
molecules as has already been stated elsewhere. This observation also 
suggests that there are no significant number of closed pores in the 
spheres.
5.2.2 Relationship between Structure and Porosity
Examination of Figs. 5, 6a and b show that the aged spheres C31
and C32 which are composed of grains and flakes jumbled together give 
lower geometric densities than the unaged spheres and consequently 
have higher pore volumes and fractions. The pore volumes of the xerogels 
of C31, C32 and C29 are respectively 1.0, 0.74 and 0.52 cm^/g. These 
values correspond to porosities or pore fractions of 79, 73 and 64%.
The higher pore fractions of the aged xerogels is quite understandable 
because the presence of grains and flakes together do not create the 
necessary condition for dense or close packing. C31 has a higher 
specific pore volume and fraction than C32 because the former, being 
exposed to higher ageing temperature, has bigger flakes (Figs. 13a and b) 
which make dense packing even more difficult.
Table 4, Figs. 9 and 10 show that C36 prepared with AERE polymer
and having highly agglomerated grains (Fig. 14) has slightly higher
pore fraction, and average pore radius. The highly agglomerated grains
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produce bigger secondary grains (agglomerates), and the higher pore 
fraction in C36 indicates that, for the large agglomerates, it is more 
difficult to achieve close packing. The large inter-agglomerate 
pores in C36 is clearly shown by the micrographs in Fig. 14. A high 
xerogel porosity is necessary for the removal of the polymer in the 
subsequent heating stage (138).
It is apparent from the above results that gel-precipitation is a 
technique which can be employed to produce highly porous materials. 
Ageing can increase the unaged sphere porosity of about 60% to 80%.
5.3 Changes Observed during Debonding
The debonding process involves heating the xerogel spheres in an 
atmosphere of CO^, primarily to remove the organic polymer from the 
oxide structure. The schematic representation of chemical changes that 
occur during Jebonding (130, 138) is shown in Fig. 4 (Chapter 2). The 
ADU, ThC^* nl^O and the polymer decompose to form a final product of 
(U, Th) Og+x on full debonding.
Table 1 and Figs. 2 and 3 show the change in surface area for gel- 
precipitated spheres heated at 1°C min  ^ in CO2 . The plots can be 
divided into three main sections. In section 1, both the normalised 
surface area (Fig. 2) and the specific surface area (Fig. 3) show a 
decrease up to 275°C. The most probable mechanism, which could 
produce this initial decrease in surface area is shrinking of the 
primary grains responsible for the high surface area. This shrinkage 
is caused by the ADU and the polymer losing their volatile components 
of H 2 O, NH^ and other volatiles on decomposition during the heat 
treatment as Fig. 4 (Chapter 2) shows. The TGA (131) plots in Fig. 42 
show the initial sharp change in weight caused by the loss of the 
volatiles. '
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: The shrinkage is not big enough to be picked
up by the Scanning Electron Microscope as Figs. 12a and b show.
However, evidence of the shrinkage of the grains is provided by the 
fact that debonding causes reduction in sphere size as the geometric 
density (Fig. 5), pore volume (Fig. 6a) plots, Tables 17-19 and 
Fig. 1 show, although the pore volume fraction remains constant 
(Fig. 6b). The implication of the above observations is that the 
grains shrink at the same rate as the spheres. After the initial 
decrease, section 2 is reached, where the surface area remains 
virtually constant to about 600°C. Up to this point the xerogel 
structure is retained and the only apparent changes taking place in 
this section are the densification of the grains and the spheres, 
development of the fluorite face-centred cubic structure in the 
uranium phase. The lack of any change in surface area in this section 
is because the.primary grains do not change much in size. This is 
reflected in the crystallite size plots which remain nearly constant 
up to 604°C (Fig. 4), the geometric density and pore volume plots 
(Fig.s 5 and 6a) which do not change significantly and the TGA plots 
in Fig. 42 which show that nothing much happens after 300°C for all the 
three atmospheres. These results are confirmed by the comparable 
grain sizes in Figs. 12a and b. The grains in the ADU(XG) and ADU(604) 
show that the change in size is very minimal and most of this change 
must have occurred before 300°C. The last section occurs after 604°C. 
After 604°C the surface areas begin to fall and irrespective of the 
sphere type, the fully debonded spheres give specific surface areas 
of around 12 m /g. The crystals begin to grow after 604°C from 
Ca.5oR to over 250& on full debonding (Fig. 4). The removal of nearly 
all the carbon associated with the polymer causes the crystals to grow.
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Between 650°C and 750°C, the ThC^ which has by now lost its water of
co-ordination diffuses into the UCL lattice (16) to form a solid
z+x
solution of the mixed oxide of uranium and thorium. On full debonding,
the grains grow from Ca.l5oX to Ca.50oS as Fig. 13c and d illustrate.
The above results together with some intra-agglomerate sintering at the
later stages of debonding contribute to the reduction in the surface
area. The similar surface areas of the fully debonded (U, 30%Th) spheres 
2
of Ca.12 m /g irrespective of preparation conditions suggest that the 
final grain size is determined by the heavy metal composition, the 
maximum temperature reached and the time of hold.
The 100%U material behaves differently from the mixed oxide after 
604°C. After the removal of the carbon, the crystallites and the grain 
size of the 100%U grow at a faster rate than the mixed oxide and this 
is apparent from Figs. 11 and 12. For the mixed oxide, the agglomerate 
structure is still visible at 750°C, indicating no sintering inside the 
agglomerate (Fig. 11) while, due to the extensive increase in grain 
size, the 100%U material loses its agglomerate structure by 760°C
(Fig. 12). The extensive grain growth of the 100%U reduces its
? 2  specific surface area from about 60 m /g at 604°C to about 3 ni "/g
at 760°C. Due to its higher melting poj.nt (3300°C) , Th02 would be
expected to show, at a given temperature, slightly lower diffusion
rates than UO2 (141), the melting point of which is 2875°C. This
might have an inhibiting effect on grain growth of the mixed oxide.
The micrographs in Fig. 25 show that the flakey structure of the
aged spheres is lost on debonding to 755°C. If the earlier proposal
that the formation of flakes is caused by strands of polymer
encompassing uranium expelled from the grains is correct, then it
is understandable that at 755°C when all the polymer would have been
burnt away and a solid solution of the mixed oxide formed, only grains
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would be present.
Both the geometric and the true densities increase with
3
debonding temperature. The true density increases from Ca.3.5 g/cm 
3
to over 10 g/cm (Fig. 5). This increase is due to the loss of volatiles 
on heating. With the loss of the volatiles, the grains shrink and lead 
to the overall shrinkage of the sphere, and consequently, an increase 
in the geometric density. The shrinkage and the smoothing of whole 
spheres caused by debonding are clearly shown in Fig. 1. During 
debonding, there is a gradual elimination of the cracks on the surface 
- of the spheres as the micrographs show. This happens because
as the spheres shrink on debonding, surfaces of cracks are brought 
together. This can lead to grain-grain contact and complete elimination 
of cracks.
The dependence of total pore volume and pore fraction on debonding 
temperature is shown in Fig. 6. The pore volume is a function of the 
packing, the shape, the size and distribution of the elementary particles 
(grains). The overall shrinkage of the spheres will inevitably lead 
to decreasing pore volumes (Fig. 6a). The pore fractions, however, 
remain nearly constant until near the fully debonded stage for the 
(U, 30%Th) materials and 604°C for the 100%U material. This remarkable 
phenomenon shows that during debonding up to the temperature where the 
pore fraction changes, the arrangement of grains within a sphere does 
not change essentially and that the shrinkage of the spheres results 
directly from the contraction of the grains.
The decrease in pore volume fraction may be attributed to 
sintering, a mechanism by which complete grains join together and 
recrystallise whilst also changing their outward form to minimise 
surface area. This causes a decrease in the specific surface area 
and in the pore fraction.
5.4 Surface Area Change on Exposure to the Atmosphere
Fig. 7 shows how the surface area of xerogels and partially 
debonded spheres change with time of exposure to the atmosphere. The 
arrowed points in Fig. 3 also show the drop in surface areas after 
3$ months in vials. Fig. 7 shows that the samples (A) which were 
sealed in vials and not exposed to the atmosphere retain their 
surface areas quite well. It is quite evident from the plots that the 
surface areas of the samples (B) exposed to the atmosphere decrease
but in different amounts depending on the debonding temperature.
!
A similar work done by Bansal (131)shows that for the partially 
debonded spheres, the drop in surface area is very drastic in the first 
few minutes of exposure. This is confirmed by the plot of the spheres 
debonded to 410°C. The drop is very sharp initially and then becomes 
more sluggish.
The surface area decrease cannot be attributed to the blocking of 
pore channels by physically adsorbed vapour and gases alone as outgassing 
of some of the samples could not recover their original surface areas,
A permanent structural or chemical change, might therefore have occurred.
In all the three samples investigated, one of the causes of the 
decrease could be adsorption and desorption of water vapour and other 
gases in the atmosphere in response to humidity. Admission of water 
vapour into the spheres could facilitate surface diffusion to cause 
irreversible ageing (143). For the xerogels, the following factors 
could also be responsible for the decrease in surface area:
(a) an irreversible progressive ordering process (condensation- 
polymerisation) which is accompanied by the liberation of water
(b) loss of solvent under humid conditions and replacement by water.
For the partially debonded spheres, oxidation could be the 
other factor responsible for the reduction in surface area. As can 
be seen from Fig. 7, the spheres debonded to 755°C do not show as 
much reduction in surface area as the 410°C sample, suggesting that, 
at higher debonding temperatures when the polymer is burnt off, and 
the reduction of the spheres to (U, 30%Th) ^2+x occurs> t l^e spheres 
become more stable and resistant to oxidation.
5.5 The Role of Thorium in the Sphere
The role of thorium in the sphere is very remarkable and this is
quite evident from the results of surface area (Fig. 15), porosity
(Figs. 17 and 18), crystallite size (Fig. 19) and the micrographs of
the cleaved spheres (Figs. 22-26) of materials with variable heavy 
metal composition.
First of all, looking at the micrographs of the surfaces of whole 
dry gel spheres (Fig. 21), it is difficult to draw any conclusion as 
to whether the surfaces are affected by the amount of thorium apart 
from the colour which passes progressively through pure yellow for 
100%U to white for 100%Th.
Thorium increases surface area and pore volume but inhibits 
crystaLlite and grain growth.
Figs. 15a and b show clearly how specific surface area is 
influenced by the quantity of thorium in the spheres. For all the 
plots, there is gradual increase in surface area as the amount of 
thorium is increased. Examination of the micrographs (Figs. 22-24) shows 
that at the same magnification, the size of the grains in the thorium 
rich spheres are slightly smaller than those that are uranium-rich.
If.there were the same average number of grains in a unit weight of 
spheres in all the various heavy metal compositions, then the surface
area will decrease with thorium content. However, the specific 
surface area increases which suggests that for the same weight of 
spheres, the number of grains increases with thorium enrichment.
It might therefore, be* suggested that, during precipitation, more 
grains are formed as the amount of thorium increases for the same 
weight of material.
The pore volume plots in Fig. 17 reflect the geometric density 
results (Fig. 16). The true density results do not change much with 
heavy metal composition. This might be due to the difficulty in 
obtaining precise and accurate results with CCl^ density measurements.
If the differences in the true densities are too small, then they 
might not be picked up.
For the unaged spheres, the pore volume increases as the amount of 
thorium increases. This observation is predictable if the micrographs 
referred to earlier on are examined. The increasing degree of 
agglomeration and agglomerate size makes it difficult to achieve close 
and dense packing. The presence of the dips in the pore volume plots 
for the aged spheres in Fig. 17b indicate the composition 50%U and 
50%Th where the flakey structure disappears and bloated spherical grains 
appear (Fig. 23). The bloated spherical grains are more suitable for 
dense packing than having grains and flakes together and this is the 
reason why the pore volumes decrease at that composition. The pore 
volumes increase again as the large agglomerates are formed.
The pore volume fractions (Fig. 18), as have been observed and 
discussed earlier, remain constant until temperatures where sintering 
starts. The slope of the decrease depends on the composition of the 
heavy metals. The more the amount of uranium the steeper the slope.
For the unaged spheres the pore fraction increases as the amount of
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thorium increases and this is a reflection on the degree of 
agglomeration and packing. For the aged spheres, however, there is 
no definite trend because of the different types of structures observed. 
The development of flakes and grains in the uranium rich spheres increases 
pore fraction, the disappearance of the flakey structure at the 50% 
composition decreases pore fraction and the agglomerate strueturef in the 
the thorium rich spheres increases pore fraction. Owing' to such 
fluctuations, it will be difficult to get any trend.
The effect of thorium on the crystallite growth is evident from 
Fig. 19. As the amount of thorium increases, the crystallite size 
decreases. The Paper by Roberts et al (15) deals with the inhibiting 
effect polymer and the tetravelent ions of thorium and plutonium have 
on the growth of ADU crystallites. It is suggested in this paper that 
the strong polymer-tetravalent ion complex has a more inhibiting 
effect on ADU crystal growth than polymer alone.
At high temperatures the differences in the rates and the extent of 
crystal-growth of different heavy metal compositions are shown in the 
XRD patterns in Figs. 43 and 44. Comparing pure uranium and pure 
thorium, the former grow faster than the latter, and the inhibiting 
effect of thorium is shown in Fig. 44. The inhibiting effect on the 
crystallite growth might be due to the higher melting point of ThC^ 
as has been mentioned elsewhere. The inhibiting effect on the growth 
of fully debonded grains and crystallites is shown in Fig. 26. The 
enormous grain size of 90%U spheres compared with the others is obvious. 
There is not much difference between the grain sizes of 70%U and 50%U 
materials when fully debonded (Figs. 26b and d) but the more open 
structure in b , a consequence of the amount of thorium, is apparent.
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5 . 6  The Effect of Sphere Size
The effect of sphere size on specific surface area is shown in 
Figs. 27a and b. For the unaged spheres, the fines have slightly 
higher specific surface areas" than the coarse for the xerogel and 
throughout all the debonding stages (Fig. 27a). The differences are, 
however, too small to be significant, and can easily be caused by the 
differences in the time of exposure to the atmosphere or even 
experimental errors. The micrographs (Fig. 29) also do not show 
any difference in the morphology of the different spheres. The 
specific surface areas of CT/UT/P(XG) and CT/UT/S(XG) listed in 
Table 10 compare with the unaged xerogels of the fines and coarse 
(Fig. 27).
For the aged spheres, it is the coarse which has higher surface 
areas (Fig. 27b). The differences in the aged spheres surface areas 
are more significant than the unaged spheres. It is difficult to 
understand why the aged coarse spheres should have higher specific 
surface areas. A probable explanation might be that, because the 
coarse spheres have bigger flakes (Fig. 30), more material (uranium) 
would have been pushed out to be exposed to the adsorbate nitrogen.
The bigger flakes also explain why the aged coarse spheres have 
higher pore volume and fraction than the fines. The similarity 
between the grain structures of the unaged fine and coarse spheres 
is the reason for the lack of any appreciable difference in the 
porosity.
The conclusions which can be drawn from the above observations 
are that, sphere size does not seem to affect the properties of unaged 
spheres, but aged spheres show some differences in properties between 
fine and coarse.
5.7 The Effect of Polymer Concentration
Fig. A5 shows the effect of polymer concentrations on the 
crystallite growth of aged xerogels. Clearly, when the normal 
concentration is increased by a factor of 2, IA(XG), crystallite 
growth is inhibited. Table 12 gives the crystallite sizes of the 
aged xerogels. It is known from the paper presented by Roberts et al 
(15) that ADU precipitates formed in the absence of polymer have 
crystallite size of around 15oR which is not affected by ageing, 
whereas the presence of polymer clearly reduces the crystallite size.
The inhibition effect of the polymer suggests that there might be a 
chemical interaction between the polymer and the surface of the 
crystallites (15). This work has shown that the tetravalent ions, 
thorium IV (or plutonium IV) also have an inhibiting effect on the 
crystallite growth (Fig. 19). Evidence from dissolution characteristics 
and rheological studies (15) suggest that the tetravalent ions interact 
more strongly with the polymer than the uranyl ions and it is possible 
that the polymer-tetravalent ion complex has a more inhibiting effect 
on ADU crystal growth than either polymer or the tetravalent ion acting 
alone.
Listed in Table 13 is the crystallite size of the debonded spheres.
It is evident from the table that the crystallite size is smaller for 
the 2 x normal polymer concentration spheres debonded to 60A°C. At 
higher debonding temperatures the effect of the polymer concentration 
on the crystallite size is lost. This is because at these high 
temperatures almost all the polymer would have been burnt away and 
would therefore have no effect on crystal growth. The crystallite size 
would then be determined by the temperature reached. The grain morphologies 
of the different polymer concentration spheres are shown in Fig. 3A.
The 2 x normal polymer concentration spheres give smaller grains than
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the others. How this observation affects the surface area is not 
very clear from Table 11. The extent of flake formation in the |, 5 
and 2  x normal polymer concentration is less than in normal 
concentration as Figs. 36 and' 13 show. This suggests that there is
1
a critical concentration for well developed flakes to form. The 
concentration should not be too low, in which case there will not be 
enough polymer to encompass the grains of uranium expelled from the 
grains on ageing. Too low a polymer concentration also gives a 
jelly like structure (Figs. 34 and 36). Too high a polymer concentration 
also probably dilutes the uranium concentration and thus the uranium 
available for flake formation is reduced.
The flakey structure of the 2 x normal polymer concentration 
is less evident so that it is lost by the time the spheres are debonded 
to 604°C (Fig. 36). The others lose their flakey structure on 
debonding to 755°C (Fig. 37) as has previously been observed.
Fig. 37 again shows that, there is not much difference in the size 
of the grains at FD state. The large grain size of I4(FD), the 
debonding temperature of which was exceeded to 910°C and held there 
for 4 hrs, confirms that the final grain size of (U, 30%Th) materials 
is determined by the temperature of debonding and the holding time.
The pore fraction of unaged (U, 30%Th) spheres prepared with 
normal polymer concentration is typically between 60-65%. The unaged 
J, | x normal polymer concentration material has pore fraction of 
about 70% (Fig. 31a). This is simply because the concentration of 
the polymer is not strong enough to bind and pull together all the 
grains effectively. The open and jelly-like structure of the J materials 
are readily evident from the micrographs in Figs. 34-36. The 
concentration of the polymer used to prepare the J materials is not
even strong enough to preserve the integrity of the spheres as most 
of them were fractured on delivery.
The pore fraction of the aged 2 x normal polymer concentration 
14 is Ca.70%. This value is lower than 80% which would be expected 
for (U.30%Th) spheres aged in hot water at 80°C like C41 (Fig. 18b).
The explanation for this may be that, because there are not many 
flakes, a denser packing than would be expected is achieved. The 
properties of the unaged H materials (^  x normal polymer concentration) 
are not markedly different from those of the unaged spheres prepared 
with normal concentration.
The micrographs of surfaces of whole spheres prepared with 
different polymer concentrations are shown in Figs. 32 and 33. It is 
evident from the micrographs that as the concentration increases, 
a smoother skin (surface) is produced for both the unaged and aged 
spheres. The smoothness of the surfaces follow the order - 
2 > 1 > i > £ x polymer concentration. The fact that ageing further 
smoothens the surface is again confirmed by the micrographs of 
14(XG) and 13(XG) in Fig. 32. The order of the strength of the 
surfaces follows through to the fully debonded stage (Fig. 33).
5 . 8  Graduation Across a Sphere ^
A careful and detailed examination of a cleaved, unaged xerogel 
and partially debonded sphere by scanning electron microscope reveals 
that there is a skin of about 30ym. Some of the micrographs show that 
there is a difference in grain size and distribution along the diameter 
of the spheres as Figs. 11, 12, 34 and 35 show. These micrographs 
clearly show that: (i) there is more agglomeration at the core of
the sphere than at the outer edge (extending over lOOym into the sphere)
and consequently bigger inter-agglomerate pores, (ii) the grains 
at the outer edge are finer and more densely packed than at the core.
In searching for an explanation for these distinctions, an elemental 
analysis of uranium and thorium was carried out along the diameters 
of some of the C24 (U, 30%Th) spheres. The'results are listed in 
Table 23. From the table it is clear that the U:Th ratio of about 
2.33 is nearly maintained along the diameter. This means that the 
distribution of U and Th is uniform along the diameter. The percentage 
values of the uranium and thorium in the table are, however, lower 
than the 70 and 30% respectively. This might be due to the setting 
of the channels of the electron microprobe used in the analysis.
The above discussion suggests that the distribution of U and Th is not 
the cause for the distinctions along the diameter.
Differences in the rate of precipitation from the outside to the 
inside of the sphere may be the most probable cause for the differences 
in the grain structure along the diameter. The external gelation 
technique is the method used in producing the spheres investigated in 
this work. This means that precipitation starts from the outside and 
moves inwards. Before the feed droplets fall into the gelling medium 
which is concentrated ammonia solution, they first pass through 
ammonia gas where the outside of the sphere is gelled. The inside of 
the sphere is gelled in the ammonia solution as the ammonia diffuses 
inwards. This precipitation technique indicates that the outside of 
the sphere gels probably more quickly, than the inside-which may 
suggest why there are differences in the grain structure along the 
diameter.
A further possible cause may be due to the differences in the 
distribution of polymer in the sphere. A microprobe analysis of some
Dis Lance Percent Element
from the C24(XG) C24 (604) C24(7 60)
Skin Element
1 2 1 2 1
U 23.338 24.229 40.867 43.947 49.643
Inside
Skin
Th 12.748 10.105 17.587 18.411 20.606
Total 41.087 34.334 58.454 62.358 70.249
U : Th 2 . 2 2 2.40 2.32 ' 2.39 2.41
U - - 44.269 44.488 49.728
1 0 0 pm Th - - 18.470 20.850 20.806
Total - - 62.739 70.337 70.534
U:Th - - 2.40 2.37 2.39
U 39.919 37.946 53.241 50.717 50.714
2 0 0 ym Th 18.030 16.699 23.537 20.065 21.154
Total 57.949 54.644 76.778 70.782 71.868
U : Th 2 . 2 1 2.39 2.31 2.46 2.26
U 31.377 37.595 49.456 46.563 49.923
Core 2 Th 14.632 16.609 21.537 19.880 22.244
Total 46.009 54.204 70.993 66.443 72.167
U : Th 2.14 2.26 2.30 2.34 2.24
Table 23 Quantitative U and Th Analysis by Electron Microprobe
of the cleaved spheres showed that there is slightly more carbon at 
the outer edge than at the core, but this could be due to the mounting 
of the spheres in resins, which could introduce distortions at the 
edge.
However, a further evidence that the polymer distribution might be 
an additional cause for the distinctions is obtained in the study of 
the effect of polymer concentration on the spheres. It was found in 
this work that spheres prepared with 2 x the normal polymer concentration 
have slightly smaller and more densely packed grains than those 
prepared with lower polymer concentrations (Fig. 34).
5.9 Compliance and Related Properties of the Spheres
The results of compliance, failure stress and other related 
properties of some of the gel precipitated spheres are given in 
Tables 16-21. Table 16 shows that for the unaged xerogels, compliance 
increases as the amount of thorium is increased, which means that, a 
decreasing load is required to achieve a given deformation.
Tables 17-19 show that for different heavy metal compositions, increasing 
debonding temperature generally decreases the compliance. This means 
that as the debonding temperature is increased, an increasing load is 
required to achieve a given deformation. The compliance values of 
aged xerogels listed in Table 20, like Table 16, also shows that 
compliance increases with the amount of thorium. If Table 20 is 
compared with Table 16, it is observed that, ageing increases the 
compliance of more than a factor of 2. Table 21 which gives the data 
for aged and unaged spheres prepared with different polymer 
concentrations again shows that compliance is increased by ageing 
but decreased by increasing polymer concentration. The small differences 
in the properties of 13 and 14 confirm an earlier notion that for the
2  x normal polymer concentration spheres, ageing does not cause 
appreciable change in the internal structure. The number of flakes
formed on ageing are insignificant (Fig. 36). The increase in
compliance on ageing and increasing thorium amount may be explained 
by the increased pore fractions. Kingery et al (144) state that 
pores decrease the cross-sectional area on which the load is applied 
but also act as stress concentrators. They go on to say that, the 
strength of porous ceramics is decreased in a way that is nearly 
exponential with porosity, and they give the empirical equation:
6 = exp (~nP)
where 6  is the strength when the porosity is P. 6 q is the strength
of pore free material, n is in the range 4-7.
The above expression shows that as the pore fraction increases, 6  
decreases. It is known from the work on ageing and variable heavy 
metal composition that, pore volume fraction increases with increasing 
thorium (Fig. 18a) and ageing. The tables also show that Failure Stress 
decreases with increasing amount of thorium and ageing. Compliance by 
definition (118) is inversely proportional to Failure Stress, and hence 
compliance increases with increase in pore fraction. Increasing 
debonding temperature decreases the compliance. This is not surprising 
because as volatiles are expelled on debonding, the materials are 
strengthened, and the grains adhere more strongly to each other.
From the above discussion, it can be concluded that aged spheres 
would be preferred in a cold pressing operation to the corresponding 
unaged spheres. This implies that if spheres are to be pressed into 
pellets and sintered to be used as nuclear fuels, then the aged versions 
are to be preferred.
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6 . Sintering
6.1 Introduction
It is known from earlier sintering studies on (U, Pu) systems 
at AERE, Harwell that because of the active nature (small grain size 
and small pores), gel-precipitated spheres sinter well and densities 
>■98% of theoretical can easily be achieved. One outstanding problem 
observed at AERE with the sintering of some gel-precipitated (U, Pu) 
spheres and pellets derived from them, is the decrease in density 
when they are subjected to temperatures >1500°C.
Amato et al (146, 147) and other workers (148, 149) have also 
observed the occurrence of this phenomenon in the study of UC^* This 
phenomenon is known as Solarization and is defined as the decrease of 
density in sintered bodies, which takes place with the increase of the 
treatment time or temperature (146, 147). Amato et al have tried to 
explain solarization as being due to gases developed from the organic 
additives, being trapped in the pores and unable to diffuse through 
the matrix-. If 6  is the surface energy of the matrix and r is the 
radius of a pore, the pressure p of gas trapped within it must, at 
equilibrium, be given by p = 26/r.
If the stress ^  = p at the surface of a pore at the sintering 
temperature is such that creep may take place in the matrix, the 
pore must grow larger; if pores in addition, are close enough, they 
merge, and the pressure in the resulting cavity, with a larger equivalent 
radius than the original pores, will be higher than the equilibrium 
value, so that the cavity itself will expand. This process may go 
on indefinitely and consequently the matrix will decrease in density.
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Amato et al have established three conditions for the occurrence 
of solarization:
(i) use of organic additives as lubricants or binders must have
been made prior to the pressing of the powder;
(ii) the green density must be sufficiently high;
(iii) the material must be somewhat plastic at the firing temperature. 
Volume stability is a prerequisite for fuel elements in service
and therefore, everything possible must be done to avoid solarization 
which is thought to be one of the causes of volume instability of fuel 
elements.
Among other things, this study was carried out to see if gel- 
precipitated (U, Th) spheres are affected by solarization and to assess 
the factors that cause it.
6 .2 Materials
Two different sintering techniques, isothermal and constant-rate-
of-heating (CRH) were used in this study. Four different types of
xerogels, C44 (unaged), C45 (aged), unaged G3 and E8  with heavy metal
compositions, (U, 30%Th), (U, 90%Th) and 100%Th and specific surface
2
areas respectively as follows, 137, 133, 143 and 140 m /g were debonded 
to two different temperatures, 700°C and 850°C (and held for four hours 
(FD)) and then sintered. Some of the physical properties of the debonded 
spheres are listed in Table 1 below.
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Sample
Code
Specific
Surface
Area
(m2 /g)
True
(CCip
Density
(g/cm3)
Geometric 
(Hg) 
Density 
(g/cm3)
Percent
Pore
Fraction
Grain
Size
from
SEM(R)
Crystallite
Size
(8 )
Average
Pore*
Radius
(8 )
C44(700) 30.5 1 0 . 1 0 3.68 64 150 115 1 0 2
C44(FD) 9.1 10.34 5.08 51 500 349 191
C45(700) 32.6 9.93 2.06 78 150 141 291
C45(FD) 10.9 10.27 2 . 6 6 74 500 315 513
G3(700) 67.6 8 . 6 8 2.33 73 1 0 0 60 92
E8(700) 71.3 8.51 2.03 76 1 0 0 79 107
Table 1 Physical Properties of Debonded Spheres
— 2V
* Calculated from the formula o = — -
Sw
where 6  is the average pore radius, V is the specific pore volume and Sw is 
the specific surface area.
The sintered spheres are coded in the following ways:
a) For the materials sintered using the constant-rate-of-heating technique, 
the coding An(DT)S,p is used. A represents the letter C, G or E depending
on the heavy metal composition as described above and elsewhere, n represents 
the batch number, D^, the debonding temperature which is either 7 for 700°C 
or FD for fully debonded spheres, and S^ is the sintering temperature. For 
example C44(7)1250 represents the material C44, debonded to 700°C and sintered 
to a maximum temperature of 1250°C.
b) For the materials isothermally sintered, the coding is still the 
same except that the time of hold at the sintering temperature is also 
indicated at the end of the code.
6 .3 Results and Discussion
6.3.1 Constant-Rate-of-Heating
6.3.1.1 The Effect of Sintering Temperature on the Densities
The plot of the true and geometric densities for aged (C45) and
unaged (C44) (U, 30%Th) oxide spheres are shown in Figs. 1 and 2
respectively. The general shape of the plots of the true densities
indicates that, the density increases gradually to a maximum, drops to
a minimum and then increases again to a maximum. The most remarkable
drop is observed for the aged, fully debonded, (U, 30%Th) oxide spheres
3 3(C45(FD)). It drops from a density of about 10.4 g/cm to 8.60 g/cm .
With the exception of the C45(FD), all the other samples have nearly 
the same density of about 10.40 g/cm which is more than 97% of the 
theoretical, after the minimum points at 1450°C. Xu (145) in his work 
on solarization phenomenon using similar gel-precipitated spheres also 
observed such drop in densities to minimum values. The minimum points for 
C44(7), C44(FD), C45(7) and C45(FD) occurred respectively at 1300, 1350, 
1350 and 1450°C. The SEM micrographs in Figs. 6 , 7a and b show that, at 
these temperatures, a pronounced change in the internal structure appears. 
As can be seen from Figs. 5~7a, the characteristics of the agglomerate 
structure of the starting materials are preserved up to temperatures just 
before the minimum points occur. It is, however, evident from the 
micrographs that there is coarsening of the grains as the sintering 
temperature is increased.
At the temperatures where the densities drop to minimum, the enormous 
increase in grain size and change in grain shape are quite obvious (see 
micrograph for C44(FD)1350, Fig. 6 ). The well developed polygonal grain 
structures with closed pores immediately after the structures which give
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minimum densities are also quite obvious from the micrographs.
After 1450°C the densities of materials debonded to 700°C show signs 
of gradual decrease. This decrease may be attributed to the effect 
of solarization, but more work on sintering at higher temperatures 
would need to be done before this can be confirmed. The furnace 
used in this work could only go to 1600°C.
The change in the surfaces of the whole spheres from relatively 
smooth to grainy to smooth closely corresponds to the trend observed 
above. Until the minimum density temperature is reached, the surface 
is smooth. At the minimum, the surface becomes grainy. After the 
minimum point, grain boundaries begin to appear on the surface and 
from this stage the surface smoothens gradually with increase in 
temperature as Figs. 4a and b clearly demonstrate.
It is clear from the above results that the sintering process 
proceeds in two stages, as observed by Xu (145). The first stage 
happens before the minimum point is reached. The fact that the 
agglomerate structure is preserved during this initial stage of 
sintering indicates that, the sintering of the primary grains in the 
agglomerate is the dominant mechanism. This type of sintering leaves 
large interagglomerate pores which are still connected. The grain 
size at the latest section of this stage will have increased to 
over 1000& from 150 or 500$. depending on whether the starting material 
was debonded to 700°C or fully debonded. The 1000$ compares with the 
agglomerate size of 1500$ observed earlier. Evidence of sintering is 
provided by the gradual decrease in porosity as sintering temperature 
is increased (see Fig. 3a).
The second stage probably begins before the minimum density 
occurs, and might be its cause. In this stage, the agglomerate structure
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is lost and this is an evidence that agglomerate sintering is occurring. 
The fact that after the minimum densities, the micrographs show only 
closed pores might suggest that, the closing of pores starts as 
agglomerates sinter together, and the minimum density may be caused 
by the presence of trapped pores which are not accessible to the CCl^ 
used to determine the true density. The sharp increase in the 
slopes of the pore fraction plots (Fig. 3a) probably indicates the 
temperatures where interagglomerate sintering begins.
Full densification and closing of pores is observed after the 
temperature at which the minimum density occurs. At this point the 
geometric density would have increased and has become equal or nearly 
equal to the true density (Figs. 1 and 2). With increasing sintering 
temperature after the interior of the sphere is fully densified, grain 
growth proceeds during which pores are agglomerated at grain corners 
by moving with grain boundaries as illustrated in Fig. 7b.
The density results and the micrographs of C45(FD) point to 
another possible cause of the occurrence of the minimum density.
When true density determination is carried on cleaved samples of
C45(FD)1450, C45(FD)1500 and C45(FD)1550, the density shoots back to
3 •Ca.10.40 g/cm which suggests that, there is a temperature from which
the external surface or skin seals off which makes the interior of the 
sphere inaccessible to CCl^. At this point the use of CCl^ effectively 
functions the same as Hg and measures only the geometric density. The 
minimum density temperatures also coincide with the point when the 
surface of whole spheres develop the grainy structure and begins to 
sinter together and show grain boundaries. Probably the sintering of 
the external surface seals off the interior of the spheres to CCl^.
If this happens before the interior is fully densified, then the
density determined by CCl^ will not be the true density. The fact
that the minimum in the true densities are higher than the geometric
densities at the same temperature (Figs. 1 and 2) is probably because
not all the spheres in a batch seal off at the same time.
Density determinations were carried out on cleaved samples of the
minimum density materials of C44(7), C44(FD) and C45(7). The results
of these determinations showed slight increases but not enough to
3
attain the maximum density observed which is Ca.10.40+0.03 gm/cm .
It may be inferred from this that the two phenomena discussed above
may both be responsible for the occurrence of the minimum density.
The presence of the closed pores in the sintered materials account
3
for the difference in the theoretical density of 1 0 . 6 8  g/cm and
10.40 g/cm obtained.
Fig. 2 shows that the change of geometric density with sintering
temperature depends on the previous thermal history of the sample. The
DV (Debonding Values) show the geometric density values of the starting
3
materials. The geometric density of C44(FD) is 5.1 gm/cm and that
3of 044(7) is about 3.7 gm/cm but as the plots illustrate, 044(7) 
overtakes C44(FD) before a sintering temperature of 1100°C is reached. 
Similar behaviour is observed for 045(7) and C45(FD). The observation 
above occurs because C44(7) and C45(7) with initial average grain size 
of 150$. is finer than that of C44(FD) and C45(FD) with grain size of 
500$ and hence sinter at a faster rate and at a lower temperature 
because of the excess driving force. C44(7) on the other hand sinter 
faster than C45(7). This is due to the lower porosity-of the former, 
and, therefore, more contact points. The points with bars below on 
Fig. 2 show the temperatures where the minimum points on the true
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density plots occur. On Fig. 2, they occur just before the limiting 
values.
One of the reasons for carrying out these density determinations 
with sintering temperature was to investigate the phenomenon of 
solarization, however, no definite conclusion can be drawn for this 
phenomenon because of the limited temperature range of the furnace.
6.3.1.2 The Effect of Grain Size on Sintering of Gel-Precipitated 
(U, 30%Th) Oxide
The effect that the grain size has on the densification during 
sintering has been investigated using 044(7) and C45(7) with an average 
grain size of 15oR, and C44(FD) and C45(FD) which have grain size of 
Ca.500R.
The true and geometric densities of these materials are shown in 
Figs. 1 and 2 respectively. Representative micrographs are also 
presented in Figs. 4-7b. The micrographs of 02.9(604) and C30A(FD) 
in Fig. 5 are given to show how the structures of 044(700), similar 
to 029(604), and C44(FD), similar to C30A(FD), look like at a high 
magnification of 200K. Considering 044(7) and C44(FD), it can be 
observed that the minimum density in Fig. 1 for 044(7) occurs at 
about 50°C lower than 044(FD). For all the events occurring after 
the minimum densities, C44(FD) lags behind 044(7). Fig. 2 also 
shows that, the near maximum density of 044(FD) is reached 50°C 
after 044(7). All these results point to the fact that the spheres 
with smaller grains sinter at a lower temperature. This confirms 
the prediction by Herring (41) that sintering kinetics could be 
markedly enhanced by using fine powders. The higher surface area 
(30.5 m /g) and smaller grain size of 044(7) mean that there is
a larger driving force for the densification than C44(FD) with 
surface area of about 10 m^/g and a grain size of 500$.
The final grain size has been found in this study to depend on 
the initial grain size as observed by Duwez et al (150). The micrographs 
in Figs. 5 and 6 indicate that the finer the initial grain size, the 
bigger the final grains after sintering. As Kingery et al (151) have 
recognised, such a result of a much larger final grain size for a 
smaller initial particle size would be very puzzling if the process 
of secondary recrystallization was not known to occur. Secondary 
recrystallization is also known as discontinuous or exaggerated grain 
growth (151). Secondary recrystallization occurs when some small 
fraction of the grains grow to a large size, consuming the uniform- 
grain-size matrix. When polycrystalline bodies are made from fine 
powder, the extent of secondary recrystallization depends on the 
particle size of the starting material. Coarse starting material gives 
a much smaller relative grain growth. This is caused by both the rate 
of nucleation and the rate of growth. There are almost always present 
in the fine-grained matrix a few particles of substantially larger 
particle size than the average; these can act as embryos for secondary 
recrystallization. Kingery et al state further that, in contrast, 
as the starting particle size increases, the chances of grains being 
present which are much larger in particle size than the average are 
much decreased, and consequently the nucleation of secondary 
recrystallization is much more difficult; the growth rate proportional 
to 1/dm is also smaller, where dm is the matrix diameter.
It has been found earlier that the sintering of the external 
surface follows that of the interior. It is therefore, not surprising 
that the external surface of C44(7) sinters earlier than C44(FD) even
though there is not much difference in the external morphologies of 
C44(700) and C44(FD).
6.3.1.3 The Effect of; Ageing on the Sintering of Gel-Precipitated 
(U, 30%Th) Oxide
The data listed in Table 1 indicates that gel-precipitated spheres 
are highly porous, but can be further increased by ageing. For example, 
the porosity and the average pore radius of aged C45(700) are 
respectively 78% and 29lR whereas those of unaged C44(700) are 64% 
and 1028. S imilar differences exist for the fully debonded spheres 
(Table 1). Both Figs. 1 and 2 show that sintering of the aged spheres 
lag behind their unaged versions. Fig. 3a illustrates that the large 
difference in porosity between unaged and aged spheres closes up only 
at a relatively high temperature of 1450°C.
The increase of porosity by ageing means that the integral contact 
area is reduced. Thus the contact points or co-ordination with 
neighbouring grains via which densification proceeds are reduced and 
hence sintering is retarded.
Fig. 1 shows that the true densities of C44(7) and C45(7) are 
similar after 1500°C whereas the geometric density of C45(7) is lower 
than C44(7) (Fig. 2). The above observation means that both the 
aged and unaged spheres have similar quantities of intragranular (closed) 
pores but the aged spheres have more intergranular porosity which is 
accessible to CCl^ but not to mercury.
The micrographs for C45(FD) spheres sintered at > 1450°C present 
a very different and interesting spectacle (Figs. 7a and b) . The 
agglomerate structure and large interagglomerate pores of C45(FD)1450 
are quite apparent. At this stage both sintering and grain growth
20KV
C45(FD)1250
4 1 K V
C44(7)1250
20KV
C45(FD)1410 C44(7)1300
V V S  g o  «
y -’* v» ■£x v., »* i*
*-,*«■w  v.v*^-, >11'^  u -'Va
- c .  ■
t
V_
* • • -1 >
* *
. % V 
*
J
< >
K  X
ve
W
***** $  4 *  '
[ #  * /  *»j
*   ^i
C45(FD)1450 044(7)1500
Fig. 4a SEM Micrographs of the Surfaces of Whole (U, 30%)02+x Spheres
t * -AJTA. ■ * -  * •"
2 0 K V
C44(FD)1550
w
4* j
4 H M  4 1 K V  0 7  021
044(7)1600
Fig. 4b
could be occurring simultaneously. Fig. 7a clearly shows that 
some of the sintering necks have grown to such an extent that, the 
size of the necks (grain boundaries) are comparable to that of the 
smaller grains.
Greskovich and Lay (152) suggest that, when .'such a stage is reached, 
the boundary will move rapidly through the smaller grain. This is 
then followed by spheroidization of the grain. The driving force for 
the grain boundary movement is the grain boundary curvature. The 
micrograph of C45(FD)1450 indicates that as many as four large single 
grains could go through this process to form one big grain as shown 
for C45(FD)1500.
The structure observed above probably occurs because of the very 
open arrangement of C45(FD). The porosity is 74% and the average pore 
radius is % 500&. Fig. 5 shows also that the agglomeration of the 
starting material C45(FD) is high. During sintering, the closed 
packed agglomerates may undergo preferential intra-agglomerate sintering 
over interagglomerate sintering and pull away from neighbouring 
agglomerates, leaving large voids which are difficult to close (153). 
as observed for C45(FD) sinters. C45(FD)1500 shows that further 
sintering and grain growth is still possible and this is confirmed by 
Fig. 7b which shows the very large grains (10pm) for C45(FD)1550. This 
figure also shows that the sizes of the pores have decreased considerably. 
The mostly transgranular fracture of C45(FD)1550 compared to 
C45(FD)1500 occurs because the enormous size of the former means 
smaller energy is required for trans-granular fracture than intergranular 
fracture.
The structural development observed for C45(FD) does not occur
in C45(700) even though the latter has comparable open structure. The
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reasons for this may be:
(i) the average pore radius of 045(700) is about half that of 
C45(FD). Thus the interagglomerate pores in 045(700) are not as 
wide and can easily be closed, making new contacts for sintering.
(ii) the high activity (high surface area)'of 045(700) enhances 
sintering and shrinkage. The atomic processes in fine materials 
usually take place more rapidly and easily during sintering, because 
surfaces, grain boundaries, and all lattice distortions are present 
within a more restricted space, and hardly any undistorted regions 
exist (23).
Rhodes (153) has shown in his work on Agglomerate and Particle 
Size Effects on Sintering that much improved performance in sintering 
can be achieved by using very fine agglomerate-free compact.
Agglomeration could inhibit sintering as has been described above.
It can be inferred from the work of Rhodes, that gel-precipitated 
spheres prepared with AERE polymer which shows very high degree of
agglomeration with large interagglomerate pores would be more difficult
'1
to achieve interagglomerate sintering than those prepared with BNFL 
polymer. However, intra-agglomerate sintering could occur at a lower 
temperature with AERE polymer spheres because of the large integral 
contact area as shown by surface area measurements.
From the preceeding discussions it is clear that C45(FD) is the 
most difficult to sinter because of the high porosity and the big 
grain size. The indications are however that, when fully sintered, 
the grain size will be enormous as shown by the grain size of C45(FD)1500 
in Fig. 7b. This figure also suggests that when fully densified, most 
of the pores would be located at the corners because in the later 
stages of sintering, when the grain size is larger and the driving
force for boundary migration is lower, it is more usual for pores to 
be dragged along by the boundary, slowing grain growth (154). This 
implies that, a higher density material could be achieved with C45(FD) 
than the others. However, because of the enormous grain size, any pore 
trapped in the centre of a grain would be very difficult to diffuse out. 
6 .3.1.4 The Sintering of Thoria and (U, 90%Th)02 Spheres
Gel-precipitated xerogel spheres of (U, 90%Th) (G3) and
100%Th (E8 ) were debonded to 700°C in the usual way and then sintered.
The true density results as a function of sintering temperature is given
in Fig. 8 a. The density of both samples increase gradually until the 
maximum density >98% TD is reached at 1300°C. The maximum density is 
maintained for both samples until a drop is observed. The drop occurs
at 1450°C for G3(7) and 1500°C for E8(7). At 1500°C G3(7) drops from
3 3 3
10 g/cm to less than 9.4 g/cm and E8(7) drops from 9.9 to 9.2 g/cm .
These drops amount to more than 6 %.
The geometric density plots shown in Fig. 8 b increase gradually 
with temperature for both curves. The G3(7) plot falls behind E8(7) just 
after 1500°C.
The pore fraction plots (Fig. 8 c) decrease from >60% to Ca.30%.
After 1500°C, the porosity of E8(7) becomes smaller than G3(7).
Like the C45(FD), the drop in the true densities of G3(7) and 
E8(7) has been shown by fractioning spheres to be mainly caused by the 
sealing off of the skin to CCl^. The sequence of change of the 
external surface of G3(7) and E8(7) is similar to that of (U, 30%Th) 
materials. The initial smooth surface becomes grainy at 1400°C 
for G3(7) and 1450°C for E8(7). From then on the grains on the surface 
grow bigger and begin to sinter at a later stage. From earlier studies 
it is known that the skin seals off at some stage after the appearance
400NM 20KV
C44(700) C44(FD)
C45(7) C45 (FD)
200 K C30A(FD)
Fig. 5 SEM Micrographs of Cleaved Surfaces of Unaged (C44),
Aged (C45) and Unaged Spheres of 029(604) and C30A(FD)
C44(7)1250 C44(FD)1300
41KV
C44(7)1300
C44(FD)1350
C44 (7)1350
C44(FD)1410
Fig. 6 SEM Micrographs of Cleaved Surface
s of C44 (Unaged) Spheres
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400HM 41KV
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Fig. 7a SEM Micrographs of Cleaved Surfaces of C45 (Aged) Spheres
10HM 2 0 K V
C45 (FD)1550C45(7)1600
Fig. 7b
of the grainy structure. The grain boundaries on E8(7)1500 (Fig. 9) 
are apparent. The appearance of grain boundaries on the external surface 
is an indication that inter-agglomerate sintering has begun.
4
The internal morphologies clearly confirm the above observations.
The agglomerate structure of the starting material G3(700) is apparent 
even at 1550°C (Fig. 10) suggesting that any sintering occurring is 
mainly between the grains inside the agglomerate. The change in the 
agglomerate structure after 1450°C for E8(7) and the sharp decrease 
in porosity (Fig. 8 c) may be due to the start of inter-agglomerate 
sintering. The micrograph of E8(7)1550 is similar to C45(FD)1450 (Fig. 7a 
This suggests that on farther sintering, it would behave similarly as 
C45(FD). This sintering behaviour might be due to the large agglomerate 
size (2400 2.), high porosity and the large size of inter-agglomerate 
pores, as explained elsewhere. There is no reason to doubt that G3(7) 
would not behave similarly.
Compared with (U, 30%Th) and 100%U spheres, G3 and E 8  sinter at 
relatively high temperatures. It is known from the work in debonding 
that in CC^ 100% U material sinters just after 600°C whereas the 
sintering of (U, 30%Th) does not take place in CO2  until after 750°C.
The ease of sintering of (U, Th)©2 + spheres would, therefore, follow 
the order:
U° 2 +x < (U, 30%Th) < Th02  < (U, 90%Th)02+x
With the exception of (U, 90%Th)02+x> the series might suggest that, 
the addition of thorium oxide to uranium oxide inhibits sintering.
As discussed earlier on, this might be due to the very high melting 
point (3300°C) of TI1O 2 , compared to 2875°C of UO2 . Matske (141) points 
out that, due to its higher melting point, TI1O 2  would be expected to
show, at a given temperature, slightly lower diffusion rates than UC>2 .
In fact, thoria is considered to be the most refractory of all oxides (58).
The better sintering performance of pure thoria compared to 
(U, 90%Th)02+x is apparent from Figs. 8 a, 8 b and 10. The inhibition 
of both densification and grain growth due to the addition of 1 0 % UC^+x 
to ThC^ are evident from the figures. The,promotion or inhibition of 
sintering caused by the introduction of a second phase is a complex 
concept.
UO2  and Th0 2  form complete solid solution and, therefore, attention 
must be given to the problem of how the solid solution forming in situ 
alters the diffusion characteristics. According to Wey (49) and other 
older concepts, the change in defect concentration due to foreign ions 
with different valencies should play the most important part.
Thummler and Thomma (23) have found this model inadequate for many 
reasons, one being that equivalent additions (like UC> 2 and ThC^) 
exert a considerable influence. They suggested that, the bonding 
character, the lattice parameters, and the solubility limits may play\ 
a complex part.
This work has demonstrated that the pure oxides of U and Th sinter 
better than their mixed oxides, and generally at the U-rich .materials, 
inhibition is increased by the addition of more thorium. It is 
difficult to come to any definite conclusions without detailed study 
as to why the addition of either oxide to the other should inhibit 
sintering, because there are several factors like, among those already 
mentioned, stoichiometry, formation of grain growth, dislocation slip 
(156) and others which are responsible for the enhancement or inhibition 
of sintering.
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The only conclusion which can be made at this point is that, the 
structural defects which are produced when UC^ and ThC^ form solid 
solution inhibit sintering and that for U 0 2, the much enhanced sintering 
may also be due to non-stoichiometry.
The temperature range in this work is not enough to show any 
solarization effect. However, Morgan et al (157) have observed swelling 
during heat treatment of sintered ThC^ compacts and use the term 
"desintering" rather than solarization to describe the decrease in 
density at high temperature and long sintering time phenomenon. They 
observed that the effect of desintering varies with composition 
preparation techniques and firing histories of the oxides, and can 
range from virtually zero up to % 12%. These workers carried out 
desintering tests on ThC^ prepared by two different methods:
(i) In the first method, ThO^ prepared by the sol-gel technique was 
used. The sol-gel ThC> 2 was sintered by heating to 1000°C in for 
a 6  day cycle followed by a 2-hour anneal at 1200°C in air. The density 
was then ^ 99.5% of theoretical and the grain size submicron. When 
subsequently annealed at 1800°C in air, Ar, Ar + 4 % ^  or vacuum, these 
specimens exhibited desintering behaviour. They suggested that this 
behaviour might be due to grain growth effect and not gas pressure 
effect as suggested by several other investigators. In their work, 
Morgan et al explained that, desintering may occur if the grains are 
small when the sintering forces are small, a situation existing in a 
compact near the theoretical denRity (158). At this point, if the 
temperature is raised drastically, grain growth rather than sintering 
processes would be favoured. The result is that desintering occurs, 
possibly because grains grow in a manner that causes pores to develop 
between them (158).
(ii) In the second method, thorium was precipitated as the oxalate 
from a nitrate solution, filtered, dried, converted to oxide by heat 
treatment up to ^650°C, cold-pressed and sintered in air at 1800°C. 
Morgan and co-workers found that thoria prepared by this method and 
calcined at 650 to 800°C required high sintdring temperature (1800°C) 
for 2 hrs to achieve high density (96 to 98% of theoretical), and 
that prolonged heat treatment at 1800°C resulted in only slight, if 
any desintering.
Information received on the sintering of thoria prepared by 
gel-precipitation from AERE, Harwell suggests that no solarization 
effect was observed. The initial procedures of preparation of the gel- 
precipitated thoria prior to sintering are comparable to the second 
method of Morgan et al outlined above. The geometric densities of G3(7) 
and E8(7) (Fig. 8 b) show that c65% of the theoretical is achieved even 
on sintering up to 1550?C. Such a low density at a relatively high 
sintering temperature does not satisfy the conditions forcesintering 
as suggested by Morgan and co-workers (157, 158). The absence or lack 
of solarization in sintered gel-precipitated thoria might, therefore, 
be due to:
a) the slow rate of densification and grain growth. The implication 
of this is that, gases are less likely to be trapped to form pores.
b) the high temperature at which high densification and closed pores 
occur would mean that almost all the carbon and any impurity which 
might be present initially would have been burnt off before they can 
form a gas.
c) the high permeability of ThC^ to ^  (159), and the inert 
gases (157) means gases likely to be present would be diffusing in and 
out of pores so readily that equilibrium between the gases in the pores 
and the external atmosphere would easily be reached.
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6.3.2 Isothermal Sintering of (U, 30%Th)02+„ Spheres
Aged and unaged spheres of (U, 30%Th)C>2+x were debonded to
temperatures as indicated in Fig. 11 and isothermally sintered at
1260 + 5°C. This low temperature was chosen so as to follow the
shrinkage rate at the initial stage of sintering. The sintering
activity of the unaged spheres is so high that the end point
densification and the change in grain shape marked by the occurrence
of interagglomerate sintering occurs already before 0.2 hrs as Figs. 11c
and 12 show. The aged spheres, however, show the densification curves
shown in Figs. lib and 11c. The fact that the aged spheres do not show
as high activity as the unaged spheres is due to the high pore fraction
-75%. The true densities of the unaged and aged spheres are plotted
against sintering time and shown in Figs. 11a and b. Once again, the
sealing off of the skin of C45(FD) is clearly evident in Fig. lib. The
sealing off occurs after 0.7 hrs and the density tumbles from about 10.5
3
to -9.6 g/cm on sintering at temperature for 2 hrs. The arrows
illustrate how the end point densities are recovered when the density
measurements are carried on fractured spheres. This is a further
confirmation that, the fall in density is caused by the closure of the
3
skin. The value of 9.6 g/cm is just higher than the geometric density 
3of 8  g/cm . As was suggested before, some of the spheres would still
have some openings so that the internal of these spheres will be accessible
to the CC1 ,.4
The microstructnre of the internal and external structures of the 
aged 045(7)1260 and C45(FD)1260 look similar and show that after 2 hrs, 
no significant interagglomerate sintering has occured and the pores are 
still interconnected. If the skin of C45(7)1260 had been sealed off 
at some stage, the same type of fall in true density like C45(FD)1260
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would have been observed. The micrograph in Fig. 13 of 045(7)1260, 0.5 
E ->*C shows that the very outer edge (E) is fully sintered and 
therefore, could seal off the core (C) from CCl^. The true density 
plot, however, does not show any sealing off effect, which would 
suggest that the CCl^ is able to reach the core by one way or the 
other. The CCl^ probably gets to the core through grain boundaries 
and other openings. Why the CCl^ is able to get into the core of 
C45(7)1260 but not C45(FD)1260 up to a sintering time of 2 hrs is not 
clear, but may be due to differences in the nature of grain boundaries 
formed.
Figs. 12c-f again show that the finer the initial grain size the 
larger the final grain size. 044(7)1260, the initial grain size of 
which was 15oR, has at all sintering times, bigger grain size than 
C44(FD)1260, the initial grain size of which was 500R. The final 
grain size of 044(7) is more than 2 times bigger than C44(FD) at any 
given sintering time. Such a result has already been explained by the 
process of secondary recrystallization or exaggerated grain growth.
The scanning electron micrographs (Figs. 13c and d) show that the 
outer edge (E) is composed of a band of dense large grains (> 3000.R) 
which gradually decrease in size towards the core (C), which still 
shows the agglomerate structure of the starting materials with average 
grain size of -lOOoR. Fig. 13e also shows that the grains at the edge 
of C44(FD)1260, 2 hrs, are much bigger than those at the core (Fig. 12f) 
The differences in the grain size between the outer edge and the core 
of the sintered materials can be traced back to the debonded materials. 
It was found earlier in this work that some of the partially and 
probably some of the fully debonded spheres consisted of finer, more 
uniformly densely packed grains at the edge whereas the core was made
of agglomerated large grains. The outer edge of the spheres, 
therefore, contain the type of structure which is ideal for easy 
sintering. The finer grains also provide a good condition for 
exaggerated grain growth. What happens therefore, is that, the outer 
edge sinters at an earlier temperature than,the core. This may thus, 
be a contributing factor for the sealing off of the skin of some of 
the spheres before the core is fully dense.
What Hardy et al (125) observed in their work on examination of 
sol-gel UO2  surfaces by SEM is the direct opposite of what has been 
found in this work. They attributed the finer grains at the outer 
edge of fractured UC> 2 spheres to grain growth inhibition by impurities 
rather than exaggerated grain growth in the centre, such as has been 
reported by Amato (160).
Xu’s work (145) on the effect of sintering time on solarization, 
using unaged (U, 30%Th)02+x spheres debonded similarly to that in this 
work, and using longer sintering times (up to 16 hrs) and a higher 
temperature found that the geometric density, after reaching a maximum, 
fell to a minimum, then increased to a second maximum and drops again!
Such a behaviour was also ovserved by Mansour et al (162) for UO 2  
compacts. Mansour et al suggested the following explanation for the 
zig-zag shape. At a critical density, when the number of sealed pores 
has reached a critical value, growth of large sealed pores occurs at 
the expense of their small neighbours and the expansion of the 
compact is observed. Subsequently, with a preferential elimination 
of small pores a point is reached at which diffusion of gas from the 
compact dominates and shrinkage is resumed. The extent of diffusion 
from compact depends on the type of gas. The works of Morgan et al (157), 
Xu (145) and Mansour et al (162) suggest that solarization is likely to 
occur when (U, TlOC^ is sintered at high temperatures and for long times.
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6.3.3 The Microstructure of the External Surface
It has been observed in this work and also by Xu (145) that the 
external surface of sintered (U, Th)0 2 +X spheres goes through three
distinct stages. The external surface is relatively smooth after
/
debonding. The smooth surface remains on sintering until a temperature 
(or time) depending on the preparation method, is reached. When this 
temperature is reached, the surface becomes grainy. From then on the 
grains grow on further sintering. At some higher temperature, grain 
boundaries appear on the surface with subgrains (Figs. 4a and b).
When the sintering continues, the grainy structure gradually smoothens 
and the external grains become large with long grain boundaries (Fig. 4b). 
It is thought that the appearance of the grainy structure marks the 
occurrence of sintering between agglomerates and the appearance of inter­
agglomerate grain boundaries. In a polycrystalline material some grain 
boundaries will intersect the external surfaces. When such a material 
is heated to an elevated temperature, "grain boundary grooves" can be 
formed (161). The groove on the surface is formed because of the balance 
of surface tension forces, of the surface and the boundary at the time 
of intersection. The dihedral angle of the groove is given by:
Cos(^/2) = Yb/2Ys, where 
4> = the groove dihedral angle
Yb = the grain boundary tension (energy)
Ys = the surface energy.
Hirschhorn states in his book (161) that the formation of boundary 
grooves could form during the early period of sintering. After the 
formation of the grain boundary grooves or grainy structure, the excess 
surface energy created by the grooves and the large number of grain 
boundaries because of the small initial grain sizes would be the driving
v w  .
C44(7) 2 hrs C44(FD) 2 hrs
1 # *
*
21KV 08 019
C44(7) 0.2 hrs C44(FD) 0.2 hrs
20KV
C44(7) 2 hrs C44(FD) 2 hrs
Fig. 12 SEM Micrographs of Unaged Spheres Isothermally Sintered 
at 1260°C.
a and b are the external surfaces, and c-f are the cleaved 
surfaces.
1HM 20KV 01 001
400NM 20KV
20KV400NM
C45(7) 2 hrs a C45(FD) 2 hrs b
400NM 20KV
Fig. 13 SEM Micrographs of Aged and Unaged Spheres
Isothermally Sintered at 1260°C and Showing Cleaved 
Surfaces.
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force for densification and reduction of surface area, which results 
in the smoothening of the external surfaces by the elimination of 
solid-vapour interfaces and grain growth.
6.4. Determination of the Dominant Mechanism of Material Transport 
and the Self-Diffusion Coefficient of (U, 30%Th)02
The initial sintering kinetics of (U,.Th) 0 2  has not been studied
as widely as UO2  so in this work the material transport mechanism of
(U, 30%Th)02 has been investigated.
Although conventional sintering studies are usually conducted
on pellets, in this work spheres were studied directly. A similar
approach has been attempted before (189), using hot stage microscopy
to follow the shrinkage of UO 2  gel spheres, but in the work reported
here, shrinkage data was observed from geometric (Hg) density
measurements on the spheres after they have cooled to room temperature.
x obtained by XRD
Material Fully Debonded Spheres A
(U0- +30%Th0o) 
2 +x 1 (U,30%Th)02+x a j02 + x +30%Th02 ) (U,30%Th)02+x
No sintering 0.09 0.063 0 . 2 2 0.154
Sintered 
to 620°C 0.03 0 . 0 2 1 - -
Sintered 
to 1120°C 0 . 0 0 0 . 0 0 - -
Table 2 The Effect of Sintering on the Oxygen to Metal Ratio 
of Gel-Precipitated (U, 30%Th) Spheres in Ar + 4 %H2 *
The spheres were heated at 100°C/hr to temperature and 
held for 1  hr, then cooled in the same atmosphere to 
room temperature.
-  2 2 1  -
The oxygen to metal ratios given in Table 2 above were determined by 
Stringer (174) using both the thermogravimetric and X-ray analysis 
methods (190). The oxygen to metal ratios were done at AERE, Harwell 
because of the availability of suitable facilities.
when sintering begins, the spheres are essentially stoichiometric.
6.4.2 Results of Isothermal Experiments
a) Logarithm shrinkage-logarithm time plots of isothermal shrinkage 
runs of the aged materials 045(7)1260 and C45(FD)1260 are shown in 
Fig. 1. The curves appeared to become straight after an initial 
curvature. As Johnson and Cutler (178) observed, the initial curvature 
results from the nature of the log-log plot when errors in AL/Lq and
t (177) are not corrected. The slopes of the straight parts of the 
curves are 0.31 and 0.28 for 045(7)1260 and 045(FD)1260 respectively. 
These values of the slopes (m), as described in Chapter 2 (2.2.3.4), 
suggest that the dominant mechanism of material transport for these 
materials may be determined by grain-boundary diffusion.
b) The diffusion mechanism could also be determined by log-log plot 
of shrinkage rate versus shrinkage. The principle of this type of 
plot to determine transport mechanism is based on the expression given 
by Bannister (110):
It can be inferred from the above table that, at about 1100°C
K (1)
dt (AL, )n
/L
o
Log A (AL/.l ) Log K - n Log (AL/l ) (2)
o o
At
A plot of log A(AL/L versus
-o
gives n as the slope.
At'
Bannister (110) and Bannister and Buyky- (183) have shown that values
-  2 2 2  -
of -2 to -3 suggest grain-boundary diffusion; a slope of about -1 
would be required for a volume diffusion.
Experimental shrinkage rates versus shrinkage isotherms of
i
045(7)1260 and C45(FD)1260 are shown in Fig. 2. The slopes of the 
lines for 045(7)1260 and C45(FD)1260 determined by power regression 
analysis are -3.7 and -4.8 respectively. These values are substantially 
larger than those suggested by Bannister and Buykx for grain boundary 
diffusion. This might be due to the experimental method used in this 
work to measure diametric shrinkage,
c) Calculation of the Self-Diffusion Coefficient
The self-diffusion coefficients of 045(7)1260 and 045(FD)1260 are 
calculated assuming that:•
(1 ) the particles are spheres, (2 ) the transport mechanism is grain 
boundary and using the following data in equation 3 of section 2.2.3.4:
= ^ ^ / 7 tt (where b (grain boundary width) is taken as
5.54 x 10 ^cm) (104).
/ 2= 1 0 0 0  ergs/cm
-23 3
= 4 . 2  x 1 0  cm
= 1.38 x 10~ 1 6  erg/K
= 1533°K
= 0.31 (104)
= 4 (104)
a for 045(7)1260 = 2000&
a for 045(FD)1260 = 25oX
The calculated D^ values for 045(7)1260 and 045(FD) are
respectively 7.80 + 1.05 x 10 ^  cm^/s and 2.65 + 0.45 x 10 cm^/s.
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Fig. 1 Isothermal Shrinkage Versus Time Results at 1260°C
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Fig. 2 Isothermal Shrinkage Rate Versus Shrinkage Results at 1260°C
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6.473 Nonisothermal Constant-Rate-of-Heating (CRH) Results
The results of this part of the work were analysed using the 
expressions suggested by Woolfrey (107) and Woolfrey and Bannister (108). 
These expressions have been described in Chapter 2 (2.2.3.4).
Woolfrey and Bannister recommend a graph of In (^/L ) vs. V-p 
to give a slope which is nearly equal to -Q(n+1)R. Thus if n is known 
the activation energy Q can be evaluated. An attempt was made to 
determine Q by the Dorn method (103, 108). Ideally, this method is 
suitable for a pellet the shrinkage of which can be followed with a 
dilatometer. With spheres different batches are used to measure 
shrinkage with time and temperature as has been described elsewhere 
(section 3.10). Because of this if the set conditions differ slightly 
for any of the runs, the results obtained become suspect. Activation 
energies obtained using this method range between 150-180 K cal/mol 
which is too high for even volume diffusion. These activation energy 
results were discarded because of the unreliability of the improvised 
Dorn’s method used.
From the isothermal studies, it was suggested that, the sintering 
behaviour of the (U, 30%Th)02 sphere may be best described by the 
grain boundary diffusion mechanism. From the slopes of ln(^/L ) vs. V-p 
for C44(7), C44(FD), C45(7) and C45(FD), and assuming that n = 2.1 
(107, 108), the respective values for the activation energies Q, are:
107, 140, 120 and 135 k cal/mol; which give a mean value of 
126 + 13 k cal/mol.
The diffusion coefficients of 045(7) are plotted in Fig. 3,with 
coefficients obtained from Constant-Rate-of-Heating (CRH) experiments 
and using equation 6  in 2 .2 .3.4.
L
°S
l
O
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104
°K
Fig. 3 Grain-Boundary Diffusion Coefficient Obtained 
for (U, 30%Th)02+K* Diffusion coefficient for
7.0
from CRH Data 
the material C45(7)
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6.4.4 Discussion
As pointed out in a recent report on the system (U, Th)*^ by 
Hart et al (179), measured diffusion rates are dependent on material 
properties such as defect concentration, impurities (not only the 
amount but the physical-properties of each, such as ionic radius and 
valency), grain size, grain boundary size,' and dislocation concentration. 
Hart et al emphasise that calculated diffusion coefficients may be 
accurate only for the specimen on which it is measured. The above 
observation is confirmed by Hawkins and Alcock (180) and Matzke (181), 
who respectively have reported that self-diffusion results by various 
investigators of U in nominally stoichiometric UO2  and Th and U in 
Th0 2  show wide scatter. The above observations make it difficult to 
compare the results of self diffusion coefficients.
On the basis of works by Riemer and Sherff' (182) and Matzke (141),
the results obtained in this work for (U, 30%Th)02 could be compared
with those of UO 2 . Riemer and Sherff found that the mechanism of
cation self-diffusion in mixed uranium plutonium dioxides containing
excess oxygen is practically identical to that in pure UO 2 . This is
because the mixed oxide constitutes a solid solution of iso-structural
PUO2  in UO2 , exhibiting practically ideal solution behaviour. The
above argument should also hold for (U, Th)0 2 +x. Matzke (141)
stated in his work on uranium self-diffusion in U0o and U0o , that,
2  2 +x ’
a close similarity in diffusion behaviour of UC^ and ThC^ would be 
expected because of identical lattice structures and similar melting 
points.
When the diffusion coefficients of UC^ given by Woolfrey (107) 
are extrapolated to between 1200°C and 1400°C are compared with the
self-diffusion coefficients in the present work, the grain-boundary 
diffusion coefficients are about an order of magnitude lower in this 
work than the extrapolated values. This might be due to the presence 
of Th0 2  in the mixture. Matzke (141) suggests that, due to its 
higher melting point, ThC^ would be expecte'd to show, at a given 
temperature, slightly lower diffusion rates than UC^. The general 
agreement shown between the observed values of m, sintering exponent, 
(see 6.4.2), and those predicted by theory for grain-boundary diffusion 
shows that the dominant mechanism for material transport for 
(U, 30%Th)02 is grain-boundary diffusion.
Works by Bannister and Buykz (183), Bacmann and Cizeron (184 and 
Woolfrey on the sintering mechanism of b0 2 +x at temperatures less 
than 1100°C and in varying sintering atmospheres of helium, hydrogen 
or hydrogen/nitrogen mixtures suggest grain-boundary diffusion of the 
uranium ion as the dominant mechanism, whereas Lay (188), Lay and 
Carter (185) using CC^/CO mixture atmosphere suggested volume diffusion. 
Several other authors have also used the a-energy degradation technique 
to study the self-diffusion of uranium in b0 2 +x with very poor agreement 
between each set of workers. The unreliability of these earlier works 
has been pointed out by Matzke in his most recent papers (181, 186). 
Matzkefs criticism is based on the fact that these previous studies 
on UO 2  and ThC^ yielded artificially high self-diffusion values since 
no correction was made for Near-Surface-Effects (NSE) or NSE only 
was observed (186). Matzke describes NSE as consisting of a fast 
tracer penetration into a near-surface layer. Among other reasons 
cited for this fast non-volume diffusional process are presence on 
annealing of mechanical polishing damage, high temperature surface 
relaxation and mass transfer by evaporation-condensation.
Matzke (187) considered the suggestion of grain-boundary 
diffusion as the sintering mechanism in the work reported here as 
plausible. However, the mean activation’ energy of 126 k cal/mol, 
as observed by Matzke is too .high for grain-boundary diffusion.
This may be attributed to the method used to obtain the shrinkage 
data. It was also suggested by Matzke that it is very risky to 
deduce activation energy values from few temperatures. This is a 
fair suggestion because statistically the more the number of 
measurements the better. However, Matzke’s other criticism that the 
activation energies were deduced from too low temperatures is not 
equally valid because, owing to the nature of the materials (high 
activity) used in this study, they sinter at relatively low 
temperatures and thus, activation energies would have to be 
determined at these low temperatures.
7. Summary of Grain Structure Development and Conclusions
7.1 Summary of Grain Structure Development
Primary grains of (U, Th) spheres produced by the gel-precipitation 
technique are about 150^ in size and because this size does not vary 
much with the preparation conditions, it is thought to be the unit size 
of precipitation. The primary grains then join together to form 
agglomerates, the sizes of which depend on the preparation conditions 
notably, the polymer source or type, and the heavy metal composition.
The differences in agglomerate size are due to; (i) the nature of 
bonding of the polymer (different chain structure depending on the 
type) and the heavy metal and (ii) the joining of grains together by 
the polymer. The agglomerate structure of some of the highly agglomerated 
spheres persists until sintering occurs.
The morphologies of aged and unaged spheres differ for materials 
prepared with 70% or more uranium. Whilst unaged spheres are composed
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of only grains which consist of both uranium and thorium, the aged 
spheres are made of grains : jumbled together.
The flakes disappear when the spheres are debonded to 700°C or higher. 
This disappearance is a result of the loss of polymer which encircles 
the grains to form flakes. The loss of the,polymer then leaves the 
uranium free to form solid solution at these high temperatures.
The porosities which are about 60% anil >70% for unaged and aged 
spheres respectively remain virtually constant until sintering occurs. 
This results from the similar shrinkage rates of the primary grains 
and the whole sphere.
2
The high surface areas of the dry gels (xerogels), Ca.lOOm /g 
can be attributed to the small grain sizes. On debonding in CO^, 
there is a small initial decrease in surface area which is caused by 
the shrinkage of the grains as a result of the expulsion of volatiles. 
The initial shrinkage is followed by a period (270°-600°C) when the 
surface area, crystallite and grain sizes remain constant. The final 
stage which occurs between 600°C and 850°C(FD) marks a sharp reduction
2 2 . . i
in surface area from >60m /g to Ca.lOm /g. This decrease in surface 
area is a direct result of grain growth. On full debonding the crystals 
and grains both grow from 50 to 300$ and 150 to 500& respectively.
These figures suggest that the grains are composed of a number of 
crystals.
The debonded materials when sintered in Ar + 4%!^ show that the 
rate of sintering and the grain structure obtained depend on, (i) grain 
size and hence the debonded temperature of the starting material,
(ii) the porosity and therefore, on the ageing history and (iii) the 
heavy metal composition. Generally, the spheres debonded to 700°C 
sintered faster and produced bigger grains than fully debonded spheres.
This observation is also reflected in the fact that because the outer 
edge of debonded spheres consists of finer grains, it sinters faster 
and produces bigger grains than the core (see Fig. 13c, Chapter 6 ).
For fully debonded aged spheres, sintering was not even completed 
after 1550°C compared with almost full sintering of the other materials 
at 1400°C. The grain structure obtained for the fully debonded aged 
material is also remarkably different from the others (see Figs. 7a and 
7b, Chapter 6 ). This is probably because the very high porosity, 80%, 
the relatively big grain size, 50C)R, and the large inter-granular pores 
mean that the tendency will be very high for intra-agglomerate sintering 
whenever there exists agglomeration in the debonded material.
During inter-agglomerate sintering pores become closed and isolated. 
This is followed by the sealing off of the interior of the sphere by 
the skin. These two events lead to a temporary decrease in density 
(true)at temperatures which depend on the type of material (see Fig. 1, 
Section 6 .3.1.1). As the interior of the sphere becomes fully densified 
the maximum density is recovered.
Studies carried out on the effect of polymer concentration 
revealed that there is not much to choose between the properties of 
spheres prepared with half of the normal polymer concentration and 
those of spheres prepared with the normal polymer concentration. Hence 
to cut down costs, half of the normal concentration must be preferrred.
7.2 Conclusions
1. This study and studies carried out at AERE Harwell, have shown 
that gel-precipitation is a process which can be used to produce 
solid gel particles of controlled shape, size, porosity, grain and 
agglomerate size. Because of the small grain size produced, sintering 
starts at a relatively low temperature of around 1100°C. As the
geometric density curves of (U, 30%Th) oxides show, densities 
greater than 97% of the theoretical can be reached at a low temperature 
of 1450°C compared with temperatures of between 1400 and 1800°C 
required to yield high densities of uranium dioxide (see Fig. 2,
Chapter 6 ).
2. The presence of thorium in the sphere hindered crystallite growth 
and sintering. Without the presence of thorium, it is likely that 
UO2  produced by the gel-precipitation technique would sinter at a 
much lower temperature as observed during the debonding studies
(see Fig. 6 b, Chapter 4).
3. Shrinkage data for the determination of material transport 
mechanism and diffusion coefficients of spheres can be obtained by 
the comparatively simple method of geometric density measurements 
provided that allowance is made for the density change of mercury 
with temperature.
4. Ageing in steam or hot water produces flakes and grains together 
instead of grains alone. Analysis has revealed that the flakes are 
composed of uranium alone whereas the grains are composed of both 
uranium and thorium. This observation is true for samples prepared 
with U > 70% in the heavy metal composition. The formation of the
flakes increases the porosity from about 60% to over 70% (see Section 4.5).
5. Sintering of (U, 30%Th)02 in Ar + 4 % ^  at 5°C/min may be controlled 
by grain-boundary diffusion mechanism.
The observed diffusion coefficient values are about an order of 
magnitude lower than those of UO2  extrapolated from Woolfrey results 
(107). The lower values are probably due to the presence of higher 
melting point material TI1O 2  in the solid solution (see Section 6.4.2).
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6 . Partially debonded spheres with finer grains sinter faster (in 
accordance with Herring’s theory (41)) and produce bigger grains on 
sintering than fully debonded spheres. It is thought that secondary 
recrystallization is responsible for the production of the big grains 
(see Section 6 .3.1.2).
7. A minimum has been observed to exist in the true density versus 
sintering temperature plots at a point which depends on the type of 
material. The occurrence of these minimum points were described as 
being due to two factors (see the preceeding section, Section 7.1, and 
Fig. 1 of Section 6 .3.1.1). These factors have been fully described 
in Section 6.3.1.1.
8 . Ageing and heavy metal ratio influence markedly the sintering rate 
of the spheres. Ageing and an increasing amount of thorium retard 
sintering, due respectively to the increased porosity and the higher 
melting point of thorium. However, it was observed that pure ThO^ 
sinters faster than when it contains a smhll amount of UC^. This is 
thought to be caused by structural defects in the mixed solid solution 
(see Section 6 .3.1.4).
9. The Dorn’s method has been shown by other workers (107, 108) to 
be suitable for the determination of activation energies of single 
specimens like pellets.. However, in a study such as this one, the 
Dorn’s method was not found to be suitable because several batches 
and runs would have to be carried out to determine activation energy 
for a particular type of sphere as described in Chapter 3. In such 
a study conditions like gas flow-rate, position of the boat in the 
furnace etc have to be exactly the same for each run in order to 
obtain the correct activation energy, and to achieve the same 
conditions for all the runs is almost not practical.
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10. The solarization phenomenon was not observed in this work even 
though Xu (145) using similar materials observed a reduction of 
about 2 % in density which he attributed to the effect of solarization 
It is probable that Xu observed this phenomenon because he observed 
density changes at higher temperatures and longer times, 16 hrs at 
various sintering temperatures compared with 2 hrs at 1260°C in this 
study.
11. The limited work done on the strength of the spheres has shown 
that compliance, which is a measure of the load needed to achieve a 
given deformation increased with ageing and decreases with debonding 
temperature. These results and the similarities in the properties 
of sintered spheres which were debonded to 700°C (C44(7) and C45(7)) 
suggest that if the spheres are to be pressed into pellets before 
sintering then the aged version would be preferable because the 
higher compliance means a smaller load will be required,to achieve 
the same deformation. However, if spheres are to be used directly as 
nuclear fuels then the unaged version, because it sinters faster and 
therefore cuts down power and consequently cost should be preferred.
The choice between the use of partially debonded (700°C) and 
fully debonded spheres is however, not as straightforward because of 
the difference in the grain sizes of the sintered products, and the 
effects this difference would have when fuels are in service.
Singh (191) has observed that the behaviour of creep and fission gas 
release is a function of grain size. A pore of gas located in the 
middle of a large grain will find it difficult to diffuse away and 
hence solarization effects are bound to be more pronounced in large 
grain materials. Small grain materials will however, be more 
susceptible to creep and hence the choice between fully and partially
debonded materials should be a compromise between gas release and 
creep.
If grain size is ignored then the advantages of higher compliance 
and sintering rate of partially debonded spheres are enough to use 
them as starting materials for nuclear fuel6 .
A P P E N D I X  1
Methods for the Calculation of the Geometric Density 
Method 1
a) Determination of the volume of the density bottle 
Weight of empty bottle = W^
Weight of bottle filled with mercury to standard mark = W^
Weight of mercury = ^2 "" ^ 1
Density of mercury at temperature T = d^
Volume of density bottle = W^ - W^
dT
b) Determination of the density of the sample
Weight of bottle + sample = W^
Weight of bottle + sample + mercury = W^
Weight of mercury = W^ - W^
Volume of mercury = W^ - W^
dT
Volume occupied by the sample = ^1 ~ ^ 2
Method 2
= Wn — W, ~ W , + W~ 2____ 1____ 4 i
dT
Geometric density of the sample = (W^ - W^) d^
W 0 + W 0 - W, - W,2 J 1 4
Weight of sample = W^ ~ W-^  = W
Weight of mercury displaced by sample = W + W 2  “ W^
Volume of mercury displaced by sample = W + W 2  “ W^
dT
Geometric density of sample = W d,^
W + w2 - w4
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A P P E N D I X  2
The procedure for the calculation of the true (CCl^) density is 
based on the Archimedes Principle (119).
4
Weight of density bottle and stopper in air- = W^
Weight of bottle filled with CCl^, closed with 
stopper, totally immersed in CCl^ = W 2
Upthrust on bottle = Weight of liquid displaced
- Wl - W2 
= VdT
where V is the solid volume of the density bottle 
and d^ , is the density of CCl^ at temperature T.
Weight of sample in air = W
Weight of sample + bottle and stopper in CCl^ = W^
Upthrust on sample + bottle and stopper = W^ + W - W^
Upthrust on sample = W^ + W - W^ - (W^ - W 2 )
= wx + W - w 3  - w 1  + w 2
= W + W 2  - W 3
w + W 0 - WQ = .V d_ 2 3 s T
where Vg is the volume of the sample
V = W + W 0 - W 0  
s 2 3
dT
True density of the sample = W
v"
= W d
T
w + w2 - w3
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A P P E N D I X  3
Calculation of pore volume and fraction from the geometric and 
true densities.
Let
3Geometric density = d g/cm
Hg
3True density = d  ^ g/cm
4
Geometric volume = 1  3/
-—  cm / g
Hg
3
True volume = 1  cm /g
dcci4
Pore volume per gm
dHg dCCl4
Pore fraction = 1  X
dHg ' dCCl
4
dHg
1 - d
Hg
dCCly
A P P E N D I X  4 
Model to Calculate Pore Fraction
Meaning of symbols used in deriving the model:
Grain diameter measured from SEM micrographs
Diameter of a sphere
No. of grains in one sphere
No. of spheres in one gram
.*. No. of grains in one gram
Volume of one grain = 4/3 tt ( - ^
6
Volumes of grains in one sphere = nr dg
6
= dg (cm) 
= ds (cm) 
= n 
= N 
= nN
dg
3
Volume of grains in one gram V nN it d g  
6
3
g
Volume of one sphere 4/3 it ( ^ | ) 3
IT ds 
6
Volume of spheres in one gram N rds 
-
3
Pore volume N TT ds 
6
3
nN tt d g
3
6
Pore fraction N TT (ds^ - ndg^)
6
6
APPENDIX 4 Cont'd
dfe3  - ndg3  
ds3  ’
1  " ndg3
a 3  ds
d 2  3
Pore fraction = 1 - n ~-
ds
Geometric density pTTHg
Nuds3
True density Prn  = ^
4 3
nNirdg
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A P P E N D I X  5
Relationship between Specific Surface Area, Radius of Sphere,
A
Radius of Grain and Pore Volume.
Specific Pore Volume = (Specific Sphere Volume - Specific Solid Volume)
PV = 4/3 R3  N - 4/3 tt y 3  nN ___  (1)
3where PV = specific pore volume (cm /g)
R - sphere radius (cm)
r = grain radius (£) (determined from SEM micrographs)
N = no of spheres in 1 gm 
n = no of grains in a sphere
Number of grains in 1 gm = nN
= Sw
,  24 tt r
where S^ is the specific surface area
PV = 4/3 tt R 3  N - 4/3 tt y 3  S
w
/ 2  4 TTY
4 tt y ^  PV = 4 tty3  (4/3 tt R3 N) - 4/3 tty3  Sw
4/3 tt y3  S = 4 tt y^ ' (4/3 tt R3  N) - 4 tt PVw
S = 4 TT Y2 (4/3 77 R3  N) - 4 7T Y 2  PVw ---- - ----
4/3 tt y3  4/3 tt y 3
S = 4 77 R 3  N - 3 PV _ 4
w ---------------- x 1 0
4 . 2
10 is a factor which converts S to m /e.w 6
APPENDIX 5 Cont'd
Comparisons of specific surface area results calculated from
the model (Sm) and those determined from BET adsorption (S^^).
BET
Sample Code Sm (m2 /g)
. SBET ^
C24(XG) 1 1 2 . 6 95.9
C24 (604) 55.6 36.1
C24(680) 39.6 26.9
C34 (760) 2 2 . 0 18.4
C29(FD) 11.7 1 2 . 1
ADU(XG) 116.8 93.7
ADU (604) 50.9 64.5
ADU(680) 17.8 12.3
ADU(760) 1 . 8 3.0
It is clear from the above table that the surface areas 
calculated from the model (Sm) are generally slightly higher than 
those determined by BET theory. This can partly be due to the 
difficulty in determining the actual grain size from the micrographs 
and partly due to the fact that for the BET adsorption method, contact 
points between grains are not measured as in the calculation.
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